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In the zebrafish embryo, maternal dorsal determinants are localized to 
the vegetal pole and are transported via microtubules after fertilization. 
However, microtubule dynamics and their contribution to the transport of 
determinants are poorly understood. Using transgenic reporters that mark the 
microtubule cytoskeleton and live-imaging, I have identified three populations 
of microtubules at the vegetal cortex: a parallel array, perpendicular bundles and 
a non-directional meshwork. The parallel array resides at one side of the vegetal 
cortex before the first cell division and marks the future embryonic dorsal side. 
Formation of the parallel array is independent of fertilization but dependent on 
Ca2+ transients in the embryo. The perpendicular bundles align with the animal-
vegetal axis of the embryo. These two microtubule populations are very 
transient and disappear at about 30 minutes post fertilization. The non-
directional meshwork is dynamic. Its organization changes periodically at 
intervals of about 20 minutes. I also found evidence supporting cortical rotation-
like movement in early zebrafish embryos. Disruption of the parallel array 
affects movement of vegetal cortical granules and nuclear localization of β-
catenin to dorsal nuclei. Thus microtubules are highly dynamic during early 
zebrafish development and can contribute to localization of dorsal determinants 





Zebrafish embryos are symmetric along the animal-vegetal axis during 
the cleavage and blastula stages. This symmetry is disrupted at about 6 hours 
post fertilization with the formation of the embryonic shield marking the 
dorsoventral axis of the embryo. Although symmetry-breaking happens late in 
development, molecular processes leading to it occur immediately after 
fertilization. Dorsal determinants are maternally deposited at the vegetal pole of 
the egg and are transported by microtubules after fertilization. However, 
microtubule dynamics and their contribution to transport of determinants are 
poorly understood.  
I therefore studied microtubule organization and dynamics in live 
embryos to understand how they transport dorsal determinants. I found a novel 
population of microtubules at the vegetal cortex (perpendicular bundles) which 
aligns with the animal-vegetal axis of the embryo. They are thick bundles and 
probably project deep inside the yolk. Perpendicular bundles may function in 
transport of materials through the yolk such as squint mRNA. In addition, I 
noticed that a parallel array resides at one side of the vegetal cortex and its 
position corresponds to the future dorsal, making the parallel array the earliest 
dorsal marker at about 15 minutes post fertilization. Moreover, the parallel array 
directs its plus-ends towards the future dorsal, suggesting that dorsal 
determinants are transported by plus-end-directed Kinesin. Injected fluorescent 
wnt8a mRNA is localized to the parallel array. Furthermore, I observed that 
cortical granules move directionally along the parallel array. This is the first 
time a cortical rotation-like movement has been observed in zebrafish embryos. 
Cortical rotation-like movement can displace vegetal cortex about 20o. In 
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combination with direct transport on the parallel array, determinants at the 
vegetal cortex can be moved about 80o towards the future dorsal. Local 
disruption of the parallel array disrupts cortical rotation-like movement and 
blocks nuclear localization of β-catenin in marginal and yolk syncytial layer 
nuclei at the 512-cell stage. Interestingly, the parallel array forms normally in 
unfertilized, activated eggs but is severely affected when Ca2+ transients are 
blocked. Most of the embryo cortex is covered by an unorganized microtubule 
network which we termed as non-directional meshwork. Surprisingly, I found 
that the non-direction meshwork is highly dynamic. It reorganizes periodically 
with time intervals of about 20 minutes. Intriguingly, the non-directional 
meshwork dynamics is also observed in unfertilized, activated eggs. 
Additionally, dynamics of the non-directional meshwork is also affected by 
blocking Ca2+ transients.  
In summary, I have found that microtubules in the early zebrafish 
embryo are very dynamic and their orientations correspond to the embryonic 
axes. The perpendicular bundles align with the animal-vegetal axis while the 
parallel array with the dorsoventral axis. Moreover, the parallel array is strongly 
linked to transport of the dorsal determinants, wnt8a mRNA for example, and 
cortical rotation-like movement of the vegetal cortex, which can also contribute 
to transport of the dorsal determinants. Furthermore, I found that Ca2+ signaling 
is important for formation of the parallel array and dynamics of the non-
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CHAPTER 1  INTRODUCTION 
All animals, no matter how complicated, develop from a single cell 
zygote. The zygote divides into many cells which contain genetic material to 
make many types of tissues. However, different cells follow different 
development paths and become different types of tissues. Hence, there must be 
a regulatory mechanism to ensure coordinated execution of developmental 
processes in an embryo. A common strategy used by many species is to spatially 
restrict master regulators. Many RNAs, proteins are localized to different parts 
of embryos and trigger different gene cascades leading to specification and 
differentiation of cells and tissues. Localization of many RNAs and proteins is 
dependent on cytoskeletal actin and microtubules. Therefore organization and 
dynamics of cytoskeleton are important for the localization of master regulators 
as well as for embryonic development. 
1.1. Cytoskeleton and formation of the anteroposterior axis of 
Caenorhabditis elegans zygotes 
C. elegans is a small, non-parasitic soil nematode which can be easily 
maintained in the laboratory. It has a transparent body and almost invariant cell 
lineage, making it possible to follow individual cells. The first cell division 
generates a large anterior founder cell AB and a smaller posterior stem cell P1. 
The AB cell divides into an ABa cell and an ABp cell, which defines the future 
dorsal of the embryo. The P1 cell divides asymmetrically to a posterior stem 
cell P2 and another founder cell EMS, which defines the future ventral side of 
the embryo (Gilbert, 2006).  
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The C. elegans egg has an elongated shape which is maintained after 
fertilization by an egg shell (Johnston and Dennis, 2012). The anterior-posterior 
axis is set along the long axis of the oval C. elegans zygote with the posterior 
specified by the sperm centrosome (Goldstein and Hird, 1996; Sadler and 
Shakes, 2000). After fertilization, the sperm centrosome initiates cytoplasmic 
flows and moves to the closest pole, which becomes the posterior (Goldstein 
and Hird, 1996; Nance, 2005; Nance and Zallen, 2011). Cortical cytoplasm 
moves away from the sperm centrosome and causes PAR-3/PAR-6/PKC-3 
(partitioning-defective-3/PAR-6/atypical protein kinase C-3), which distributes 
throughout the cortex, to shift anteriorly (Fig1.1B). Cytoplasmic PAR-1 and 
PAR-2 then fill in the posterior cortex devoid of PAR-3/PAR-6/PKC-3 (Boyd 
et al., 1996; Cuenca et al., 2003; Guo and Kemphues, 1995; Hao et al., 2006; 
Nance, 2005; Nance and Zallen, 2011). Meanwhile, cytoplasmic MEX-5 
(muscle excess-5) disappears from the posterior region and restricts to the 
anterior part of the zygote, and P granules and PIE-1 (pharynx and intestine in 
excess-1) are enriched in the posterior cytoplasm (Cuenca et al., 2003; Mello et 
al., 1996; Nance, 2005; Schubert et al., 2000). By the pseudocleavage stage, 
anterior-posterior polarity is established with cortical PAR-3/PAR-6/PKC-3 
and cytoplasmic MEX-5 restrict to the anterior half of the zygote while cortical 
PAR-1/PAR-2, cytoplasmic P granules and PIE-1 are at the posterior half 
(Cuenca et al., 2003; Nance and Zallen, 2011).   
Cortical polarity can be achieved by two redundant pathways (Motegi et 
al., 2011). The first pathway is dependent on diffused signal from the sperm 
centrosome (Bienkowska and Cowan, 2012). It modulates the activity of NMY-




Figure 1.1. Establishment of polarity in C. elegans zygote 
(A-F) Dynamics of factors involving in establishment of anterior-posterior polarity after the 
zygote enters the first mitosis, approximate time on top, anterior to the left and posterior to the 
right. Localization of CYK-4 is only known during the first few minutes and is not shown for 




the symmetric contraction of cortical actomyosin network (Jenkins et al., 2006; 
Motegi and Sugimoto, 2006; Munro et al., 2004) . Non-muscle myosin NMY-2 
and actin form a network throughout the embryo cortex before cortical flow 
(Fig1.1C) (Munro et al., 2004). They constrict and create indentations 
throughout the embryo. NMY-2 is controlled by phosphorylation of MLC-4 
(myosin light chain-4), and this process is modulated by the small GTPase 
RHO-1 (Jenkins et al., 2006). RHO-1 is activated by RhoGEF ECT-2 and 
inactivated by RhoGAP CYK-4 (Jenkins et al., 2006; Motegi and Sugimoto, 
2006). CYK-4 is provided by sperm and localizes to small cortex region close 
to the sperm pronucleus and centrosome, and inactivates RHO-1 in that region 
(Fig1.1E) (Jenkins et al., 2006). In addition, signals from the functional sperm 
centrosome (Bienkowska and Cowan, 2012) lead to clearance of ECT-2 in the 
region close to the sperm centrosome. Consequently, RHO-1 is inactivated and 
the contractile activity of actomyosin is reduced at the posterior cortex (Jenkins 
et al., 2006; Motegi and Sugimoto, 2006; Munro et al., 2004). Because of 
contraction at the anterior domain, the actomyosin network shrinks anteriorly 
and brings yolk granules, PAR-6, ECT-2, RHO-1 and CDC-42 towards the 
anterior pole (Fig.1.1B-F) (Motegi and Sugimoto, 2006; Munro et al., 2004). 
Interestingly, interaction between NMY-2 and PAR-3 facilitates this movement 
(Munro et al., 2004). When cytoplasmic PAR-2 is not phosphorylated by 
cortical PKC-3, it localizes to the cortical region devoid of PAR-3/PAR-6/PKC-
3 (Hao et al., 2006).  
The second pathway is dependent on PAR-2 and centrosomal 
microtubules (Motegi et al., 2011; Zonies et al., 2010). PAR-2 is phosphorylated 
by PKC-3 and excluded from the cortex (Hao et al., 2006). However, when 
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PAR-2 binds to microtubules nucleating from the sperm centrosome, it is 
protected from PKC-3 and localizes to the cortex. PAR-2 then recruits PAR-1 
which phosphorylates PAR-3 and removes PAR-3 from the posterior cortex 
(Motegi et al., 2011; Zonies et al., 2010). Remaining PAR-3/PAR-6/PKC-3 at 
the posterior cortex interact with NMY-2 and promote their localization to the 
anterior cortex (Munro et al., 2004). Meanwhile PAR-1/PAR-2 extend 
anteriorly to cover the posterior half of the cortex.  
After polarity is established, anterior CDC-42 (Fig.1.1F) reorganizes 
actomyosin network at the anterior cortex (Motegi and Sugimoto, 2006) while 
PAR-1/PAR-2 prevents NMY-2 and PAR-3/PAR-6/PKC-3 from localizing to 
the posterior cortex thus maintaining the polarity (Cuenca et al., 2003; Hao et 
al., 2006; Motegi et al., 2011; Munro et al., 2004). Cortical polarity results in 
asymmetric division of the zygote into a large anterior AB cell and a small 
posterior P1 cell which contains germline materials (Galli and van den Heuvel, 
2008; Schneider and Bowerman, 2003).  
1.2. Cytoskeleton and axis formation in Drosophila 
melanogaster 
D. melanogaster is a small fruit fly which has been a very successful 
model organism for studying genetics and developmental biology. Its embryo 
develops from a fertilized egg which already has the anterior-posterior (AP) and 
dorsal-ventral (DV) axes specified. The AP and DV axes are established during 
oogenesis by three localized mRNA (Riechmann and Ephrussi, 2001; van 





Figure 1.2. Drosophila egg chamber containing a polarized oocyte at stage 9 




and specifies head and thorax (Berleth et al., 1988; Frohnhofer and Nusslein-
Volhard, 1986) while oskar (osk) mRNA localizes to the posterior pole and 
directs localization of the abdominal determinant nanos (Ephrussi et al., 1991; 
Gavis and Lehmann, 1992; Kim-Ha et al., 1991). gurken (grk) mRNA localizes 
to the anterior-dorsal region to specify dorsal-ventral axis, and it also involves 
in anterior-posterior axis formation at earlier stages (Gonzalez-Reyes et al., 
1995; Neuman-Silberberg and Schupbach, 1993, 1996). 
bicoid, oskar and gurken mRNAs are synthesized by nurse cells and 
transported to the oocyte during oogenesis. gurken mRNA synthesized by the 
nurse cells is transported into the oocyte, localizes correctly to the anterodorsal 
cortex and specifies normal embryos (Caceres and Nilson, 2005). Transport of 
gurken mRNA from the nurse cells to the oocyte is dependent on microtubules 
and mediated by Dynein (Clark et al., 2007). The transport complex contains 
Bicaudal-D (Bic-D) and Egalitarian (Egl) (Clark et al., 2007). oskar mRNA is 
suggested to be similarly transported to the oocyte (Clark et al., 2007). bicoid 
mRNA is also transported by Dynein in the nurse cells (Cha et al., 2001; Clark 
et al., 2007; Theurkauf and Hazelrigg, 1998). It forms aggregates with 
Exuperantia (Exu) in the presence of microtubules and is transported towards 
ring canals (Cha et al., 2001; Schubert et al., 2000). Correct localization of 
bicoid mRNA in the oocyte requires Exu, which is modulated by Par-1-
dependent phosphorylation (Cha et al., 2001; Riechmann and Ephrussi, 2004; 
Theurkauf and Hazelrigg, 1998). 
During the early stages of oogenesis, gurken mRNA and Gurken protein 
localize to the posterior pole of the oocyte. Gurken activates the closest follicle 
cells via epidermal growth factor receptor Torpedo to acquire posterior follicle 
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cell fate (Gonzalez-Reyes et al., 1995). Consequently, back signal from the 
posterior follicle cells triggers reorganization of microtubule network in the 
oocyte after stage 6, a precondition for localization of gurken, bicoid and oskar 
mRNAs (Steinhauer and Kalderon, 2006). Immunostaining and live-imaging 
studies have shown that microtubules organize randomly in stage 9 oocytes 
(Cha et al., 2001; Januschke et al., 2002; MacDougall et al., 2003; Moon and 
Hazelrigg, 2004). They are dense at the anterior and sparse at the posterior. 
Microtubule plus-end-directed Kinesin and minus-end-directed Dynein motors 
have been found localized to the posterior but their localization may not reflect 
polarity of microtubules (Abdu et al., 2006; Clark et al., 1994; Erdelyi et al., 
1995; Januschke et al., 2002; Sung et al., 2008). Nevertheless, there is a small 
bias of microtubule plus-ends towards the posterior (Zimyanin et al., 2008). 
About 57% of kinesin-1-dependent oskar mRNA particles move towards the 
posterior while 43% of them move anteriorly (Zimyanin et al., 2008). These 
results suggest that the posterior region has about 14% more microtubule plus-
ends than the anterior, and this bias is sufficient for posterior localization of 
oskar mRNA because oskar mRNA is accumulatively transported towards the 
posterior during 6-10 hours of stage 9 (Zimyanin et al., 2008). In hrp48 mutant 
oocytes oskar mRNA does not form particles and is not localized, suggesting 
that particle formation is important for transport (Zimyanin et al., 2008). 
Moreover, oskar/Stau particle movement is reversed (57% anteriorly, 43% 
posteriorly) in mago, barentsz, tropomyosin II mutants, suggesting that 
oskar/Stau particles are transported by Dynein, which transport oskar mRNA 
from the nurse cells to the oocyte, instead of being transported by Kinesin 
(Zimyanin et al., 2008). Therefore, Mago Nashi, Barentsz and Tropomyosin II 
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are probably required to remove Dynein from oskar mRNA (Zimyanin et al., 
2008). Zimyanin et al. proposed a three-step model for oskar mRNA 
localization to the posterior of the oocyte: particle formation, uncoupling from 
the Dynein/BicD pathway and releasing from the anterior, and coupling to 
Kinesin pathway. Once localized oskar mRNA is anchored to the actin network 
at the cortex and multiple factors are required for its anchorage such as Bifocal 
and Homer (Babu et al., 2004), Lark (McNeil et al., 2009), Par-1 (Riechmann 
et al., 2002), and Lasp (Suyama et al., 2009). 
The reported bias of microtubule minus-ends towards the anterior would 
be sufficient for localization of Dynein-dependent bicoid and gurken mRNAs 
to the anterior. gurken mRNA localizes to the anterodorsal cortex in a two-step 
transport process: gurken mRNA first moves towards the anterior cortex at stage 
8, and then moves dorsally and reaches the anterodorsal cortex at stage 9 
(MacDougall et al., 2003). Both steps of gurken mRNA localization are 
dependent on Dynein (Delanoue et al., 2007; Jaramillo et al., 2008; MacDougall 
et al., 2003). Disruption of microtubules results in unlocalized gurken mRNA 
throughout the ooplasm while disruption of actin does not affect gurken mRNA 
localization (MacDougall et al., 2003). Similar to oskar mRNA, gurken mRNA 
also forms transport particles, which contain Dynein, Bic-D, Egl and Squid 
(Sqd) (Delanoue et al., 2007). These particles are actively transported by 
Dynein, and then changed to a less dynamic state and anchored to microtubules 
around the nucleus at the anterodorsal corner (Delanoue et al., 2007; Jaramillo 
et al., 2008; MacDougall et al., 2003). gurken mRNA is anchored in sponge 
bodies containing Dynein and Sqd (Delanoue et al., 2007). Both of them are 
required for structural integrity of sponge bodies. In sqd mutant, gurken mRNA 
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transport particles are not converted to sponge bodies but they remain in the 
active transport state (Delanoue et al., 2007). Moreover, disruption of Dynein 
functions causes gurken mRNA to disperse into the cytoplasm (Delanoue et al., 
2007). In spn-F mutants, microtubules around the nucleus are disrupted, gurken 
mRNA  localizes to entire anterior cortex and does not concentrate to the 
anterodorsal corner (Abdu et al., 2006). Spn-F localizes to microtubule minus-
ends and is probably involved in organizing the microtubule network that is 
required for the second step of gurken mRNA localization or required for 
gurken mRNA anchorage. Additionally, gurken mRNA localizes to the anterior 
cortex but does not concentrate to the anterodorsal corner in khc7.288 oocytes, 
suggesting that Kinesin may be involved in the second step of localization 
(Januschke et al., 2002).   
bicoid mRNA localization is dependent on both Dynein and Kinesin 
however Dynein probably plays a more important role (Januschke et al., 2002; 
Weil et al., 2006). bicoid mRNA does not localize when Dynein is compromised 
(Januschke et al., 2002; Weil et al., 2006) while it still localizes but less tightly 
to the anterior cortex of khc7.288 mutants. bicoid mRNA is actively localized 
throughout the late stages of oogenesis, and this process is mainly mediated by 
Dynein (Weil et al., 2006; Weil et al., 2008). Similar to gurken mRNA, bicoid 
mRNA also forms small particles and changes to a less dynamic state during 
anchorage (Weil et al., 2008). Dynein and microtubules are required to restrain 
bicoid mRNA to the cortex (Weil et al., 2006; Weil et al., 2008). Several lines 
of evidence suggest that there are special populations of microtubules required 
specifically for bicoid mRNA anchorage. In mini spindles (msps) mutant 
oocytes, bicoid mRNA localizes to the anterior cortex and part of the lateral 
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cortex at stage 10 but does not localize at stage 12 (Moon and Hazelrigg, 2004). 
msps is a Drosophila ortholog of XMAP215, which promotes microtubule 
polymerization. Moreover, in mutants of γTuRC components (γTub37C, 
Dgrip75 and Dgrip128) bicoid mRNA localizes at stage 10 but disperses at 
stage 12 (Schnorrer et al., 2002; Vogt et al., 2006). These factors may nucleate 
and polymerize microtubules that are required for bicoid mRNA anchorage. 
Interestingly, actin is also required for anchoring bicoid mRNA (Weil et al., 
2006; Weil et al., 2008). It was suggested that remodeling of the actin network 
after fertilization is a mechanism to release bicoid mRNA from the anterior 
(Weil et al., 2008).  
1.3. Cytoskeleton and formation of the dorsoventral axis of 
Xenopus embryos 
Xenopus laevis is an aquatic frog native to southern Africa and an 
excellent model for cell and developmental biology (Gurdon and Hopwood, 
2000; Harland and Grainger, 2011; Wallingford et al., 2010). The dorsoventral 
axis of the Xenopus embryo is specified after fertilization (Figure 1.3) (Weaver 
and Kimelman, 2004). Sperm entry triggers cortical rotation in which vegetal 
cortex moves relative to the core cytoplasm an arc of 30o away from the sperm 
entry point (SEP) and towards the future dorsal (Vincent et al., 1986). Dorsal 
determinants localizes to the vegetal cortex of the egg or fertilized egg and 
translocate to the dorsal cortex during cortical rotation (Fujisue et al., 1993; 
Holowacz and Elinson, 1993; Kageura, 1997; Kikkawa et al., 1996; Sakai, 
1996). They act on the Wnt signaling pathway to activate transcription of dorsal 
specific genes (Cha et al., 2008; Heasman et al., 1994; Moon and Kimelman, 





Figure 1.3. Cortical rotation in a fertilized Xenopus egg.  
Upon fertilization vegetal cortex moves an arc of ~30o away from the sperm entry point and 
dorsal determinants are translocated towards the future dorsal which is roughly opposite to the 
sperm entry point. In normal situation the core cytoplasm is stationary while the cortex moves 
towards the future dorsal. If the cortex is immobilized, for imaging for example, the core 
cytoplasm is observed moving towards the future ventral. Redrawn and modified after (Weaver 





cortex disrupts microtubules and cortical rotation, and results in ventralized 
embryos (Elinson and Rowning, 1988; Vincent and Gerhart, 1987). However 
UV-irradiated vegetal cortex extract still retains dorsalizing activity when 
injected into other embryos (Fujisue et al., 1993; Holowacz and Elinson, 1993). 
Therefore, transport of dorsal determinants from the vegetal cortex to the future 
dorsal cortex is important for the realization of the embryonic dorsoventral axis. 
Moreover, translocation of dorsal determinants to the dorsal cortex is dependent 
on microtubules and cortical rotation (Cuykendall and Houston, 2009; Elinson 
and Rowning, 1988; Fujisue et al., 1993; Kageura, 1997; Vincent and Gerhart, 
1987).  
Cortical rotation has been shown dependent on microtubules but not on 
actin filaments (Vincent et al., 1987). An extensive array of parallel 
microtubules covering the vegetal cortex has been observed from the start until 
the completion of cortical rotation (Elinson and Rowning, 1988). The array 
aligns with the direction of cortical rotation and directs microtubule plus-ends 
towards the future dorsal (Elinson and Rowning, 1988; Houliston and Elinson, 
1991a). Furthermore, nocodazole treatment that blocks formation of the parallel 
array also blocks cortical rotation (Houliston, 1994). There are several sources 
of microtubules that contribute to the parallel array: astral microtubules 
nucleating from the sperm centrosome, radial microtubules from unknown 
nucleating centers in the cytoplasm and cortical microtubules in the cortex 
(Houliston and Elinson, 1991b; Schroeder and Gard, 1992; Weaver and 
Kimelman, 2004). It has been suggested that during the first half of the first cell 
cycle Dynein motors push microtubules in the cytoplasm to the cortex where 
they are aligned and anchored by Kinesin motors (Marrari et al., 2003; Marrari 
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et al., 2004; Marrari et al., 2000). Subsequently, plus-end directed Kinesin 
motors generate driving force for cortical rotation (Marrari et al., 2004; Marrari 
et al., 2000). Dorsal determinants at the vegetal cortex are consequently shifted 
towards the future dorsal. By the end of the first cell cycle microtubules are 
depolymerized, and therefore cortical rotation stops (Marrari et al., 2000; 
Schroeder and Gard, 1992).  
Dorsal determinants can also be transported directly on microtubules. 
Cortical rotation shifts the vegetal cortex about 30o towards the future dorsal 
(Vincent et al., 1986). However, dorsalizing activity can be found up to the 
equatorial region, 90o from the vegetal pole (Holowacz and Elinson, 1993; 
Kageura, 1997). Direct transport on parallel microtubules is thought to 
contribute 60o shift to the dorsal determinants (Rowning et al., 1997; Weaver 
and Kimelman, 2004). Indeed, cortical organelles and injected fluorescent beads 
have been observed moving rapidly along parallel microtubules up to an arc of 
60o towards the dorsal (Rowning et al., 1997). Some of those organelles 
probably contain Dishevelled, a positive effector of the Wnt pathway 
functioning upstream of β-catenin. Dishevelled associates with vesicle-like 
organelles, moves directionally towards the dorsal during cortical rotation, and 
becomes enriched on the future dorsal side after cortical rotation (Miller et al., 
1999). Moreover, glycogen synthase kinase 3 binding protein (GBP), which 
binds and inhibits glycogen synthase kinase 3 (GSK-3) thus stabilizing β-
catenin, interacts with Kinesin light chain 4 and moves along parallel 
microtubules to the dorsal during cortical rotation (Farr et al., 2000; Weaver et 
al., 2003). Disheveled and GBP modulate GSK-3 activity and protect β-catenin 
from degradation at the dorsal side of the embryo (Miller et al., 1999; Weaver 
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et al., 2003). Additionally, β-catenin has been found localized to the parallel 
array and detected only at the dorsal cortex but not at the vegetal cortex by the 
end of cortical rotation (Rowning et al., 1997). Subsequently β-catenin is 
enriched in the dorsal peripheral cytoplasm at 2-, 4-, 8-, 16- and 32-cell stages 
(Larabell et al., 1997). UV-irradiation, which is known to disrupt microtubules, 
at the vegetal cortex eliminates dorsal enrichment of β-catenin (Larabell et al., 
1997). Thus, microtubule-dependent transport and cortical rotation result in 
enrichment of β-catenin and other Wnt signaling components at the future 
dorsal, establishing dorsoventral polarity.   
1.4. Cytoskeleton and formation of dorsoventral axis of 
zebrafish embryos 
Zebrafish is a great model organism for studying developmental 
biology. They are quite cheap and easy to maintain in the laboratory. Their 
embryos are transparent, accessible right after fertilization and develop rapidly 
(Kimmel et al., 1995). Therefore, live-imaging can be performed throughout 
early stages of embryonic development. Moreover, morpholino, DNA, RNA 
and proteins can be injected into eggs or embryos, and their effects can be 
examined within days. Additionally, transgenic fish can be easily generated 
(Emelyanov et al., 2006; Kawakami et al., 2004), and gene-targeted 
mutagenesis is now possible by using zinc-finger nuclease (Doyon et al., 2008; 
Meng et al., 2008) and transcription activator-like effector nucleases (Huang et 
al., 2011). Furthermore, thousands of mutant zebrafish lines are available for 
research community and can be obtained from Zebrafish International Resource 




Figure 1.4. Zebrafish embryonic development during the first day post fertilization.  
Zebrafish embryos have the animal-vegetal axis predefined during oogenesis with the 
transparent blastodisc at the animal pole and the yolk at the vegetal pole (A). During gastrulation 
the embryonic shield (red arrow in C) forms at one side of the embryo marking the dorsal and 
the opposite is the ventral (C). By two day post fertilization embryos develop a well-defined 
body with head-tail correspond to the anteroposterior axis, back-belly to the dorsoventral axis 




Upon fertilization cytoplasm streams toward the animal pole to form the 
blastodisc (Fig.1.4A) (Kimmel et al., 1995). Embryos undergo a series of 
synchronous, meroblastic cell divisions resulting in a mass of cells on top of the 
yolk (Fig.1.4B). Midblastula transition begins during the tenth division and yolk 
syncytial layer (YSL) also forms at this time. YSL is extra-embryonic and 
important for mesendoderm induction and epiboly. Afterwards, cells divide 
asynchronously. Epiboly starts when internal YSL budges towards the animal 
pole and the blastodisc thins and spreads over the yolk to form a cup-shaped 
cell multilayer which is now called the blastoderm. At 50% epiboly, when the 
blastoderm covers 50% of the distance from the animal pole to the vegetal pole, 
epiboly pauses and gastrulation starts. Cells involute at the margin to form the 
germ ring which is constituted of the hypoblast, the inner layer of cells which 
gives rise to mesendoderm, and the epiblast, the outer layer of cells which 
becomes ectoderm. Convergence movement leads to the formation of the 
embryonic shield (red arrow in Fig.1.4C), which is equivalent to the amphibian 
Spemann-Mangold organizer and marks the dorsal. The dorsoventral axis is 
morphologically visible for the first time. Epiboly resumes once the shield is 
formed and gastrulation progresses simultaneously. Cells continue to move 
towards the vegetal pole, involute, converge dorsally and extend anteriorly 
(Fig.1.4D). Epiboly and gastrulation finish by ~10 hpf (Fig.1.4E). Embryos then 
develop through segmentation (Fig.1.4F) and pharyngula stages, and by two 
days post fertilization embryos obtain a well-defined body with head-tail 




Although the dorsoventral axis is not morphologically evident until 6 
hpf (Fig.1.4C), molecular processes that lead to the formation of the embryonic 
shield happen much earlier and are determined by maternal factors (Abrams and 
Mullins, 2009; Langdon and Mullins, 2011). Dorsal determinants have been 
shown localized to the vegetal pole of the embryo (Mizuno et al., 1999; Ober 
and Schulte-Merker, 1999). When the vegetal most part of the yolk is removed 
before 20 minutes post fertilization (mpf), embryos are completely ventralized 
(Mizuno et al., 1999; Ober and Schulte-Merker, 1999). Additionally, yolk cells 
without the vegetal most parts are unable to induce expression of the dorsal 
mesoderm marker goosecoid while they are still able to induce mesodermal 
marker no tail in transplanted embryos (Mizuno et al., 1999). The determinants 
must be transported to the blastodisc or to the future dorsal region where they 
function and activate dorsal specific genes. Transport of dorsal determinants is 
dependent on microtubules because disruption of microtubules soon after 
fertilization results in ventralized embryos (Jesuthasan and Stahle, 1997). 
Maternal squint mRNA plays an important role in the formation of the 
dorsoventral axis (Gore et al., 2005; Lim et al., 2012). It localizes to two 
blastomeres at the 4-cell stage and these cells later become dorsal (Gore et al., 
2005). Moreover, removal of squint mRNA-containing cells or injection of 
squint morpholinos results in ventralized embryos (Gore et al., 2005). It has 
been shown recently that squint mRNA may carry some components which act 
on the Wnt signaling pathway to expand dorsal gene expression (Lim et al., 
2012). squint mRNA does not localize to the blastodisc when microtubules are  
disrupted but localize normally when actin is disrupted. (Gore et al., 2005; Gore 
and Sampath, 2002). Microtubules inside the yolk (yolk microtubules) are 
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poorly described and no microtubule structures associated with squint mRNA 
transport have been observed (Fernandez et al., 2006). Another maternal 
mRNA, wnt8a mRNA which encodes a Wnt ligand, has been proposed as a 
dorsal determinant (Lu et al., 2011). Injection of wnt8a mRNA to a marginal 
blastomere at the 64-cell stage rescues embryos from ventralizing effects of 
nocodazole treatment (Jesuthasan and Stahle, 1997; Lu et al., 2011). Moreover, 
a population of wnt8a mRNA localizes to the vegetal cortex of the fertilized egg 
and moves to one side of the cortex which is believed the dorsal side by the time 
of first cell division (Lu et al., 2011). Furthermore, translocation of wnt8a 
mRNA to the dorsal cortex is dependent on microtubules (Lu et al., 2011). 
Maternal Syntabulin protein, a Kinesin I linker, also localizes to the vegetal 
cortex and translocates to the dorsal cortex after fertilization (Nojima et al., 
2010). Its localization, similar to wnt8a mRNA, is also dependent on 
microtubules (Nojima et al., 2010). Moreover, syntabulin mutant embryos 
display a range of ventralized phenotype, indicating that it has important roles 
in dorsal specification (Nojima et al., 2004). Additionally, Syntabulin interacts 
with Kif5b and probably links dorsal determinants to Kif5b-containing 
complexes for transport along microtubules (Nojima et al., 2010). A parallel 
microtubules array was observed at the center of the vegetal cortex at about 20 
mpf but not after the first cell division (Jesuthasan and Stahle, 1997). This array 
may have contributed to transport of wnt8a mRNA, Syntabulin protein and 
other dorsal determinants to the dorsal side. However, parallel microtubules 
seem to cover only small region of the vegetal cortex and their polarity is 
unknown (Jesuthasan and Stahle, 1997). Therefore, it is not clear how parallel 
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microtubules transport the dorsal determinants to the dorsal side of the zebrafish 
embryo.  
I therefore studied microtubule organization and dynamics in live 
embryos to understand how they transport dorsal determinants. I wanted to 
know the dynamics and polarity of the parallel array and to examine its relation 
to the embryonic dorsal. In addition, I also wanted to search for microtubule 
structures supporting transport of squint mRNA and other materials through the 
yolk.  
My approach was to use transgenic embryos expressing microtubule 
marker Dclk2-GFP (zebrafish doublecortin-like kinase 2 fused to green 
fluorescent protein) to study organization and dynamics of microtubules. 
Zebrafish Dclk2 contains two doublecortin domains which bind between 
protofilaments of microtubules thus label the entire length of microtubules 
(Burgess and Reiner, 2000; Moores et al., 2004). Human end binding protein 3/ 
EB3 binds to growing plus-ends of microtubules therefore transgenic embryos 
expressing EB3-GFP were used to study polarity of microtubules relative to the 
embryonic dorsal (Stepanova et al., 2003). Live transgenic embryos were 
imaged using confocal spinning disk microscopes and data were analyzed to 






CHAPTER II  MATERIALS AND METHODS 
2.1. Transgenic fish 
Zebrafish embryos and adults were handled as described in The 
Zebrafish Book (Westerfield, 2000).  The following transgenic fish lines were 
used in the study:  
1) Tg(Xla.eef1a1:Hsa.MAPRE3-GFP) expressing human microtubule-
associated protein, RP/EB family, member 3/ MAPRE3 (also named as End-
binding protein 3/ EB3) fused to green fluorescent protein (GFP) (Stepanova et 
al., 2003), under control of Xenopus eef1α promoter (Johnson and Krieg, 1994). 
This transgenic fish line was generated using Activator/Dissociation transposon 
system (Emelyanov et al., 2006). The construct was cloned and injected into 1-
cell stage embryos by Helen Quach and the transgenic fish was screened and 
identified by me. EB3-GFP binds to growing plus-ends of microtubules 
(Stepanova et al., 2003) therefore this transgenic line was used to study 
orientation of microtubule plus-ends. 
2) Tg(Xla.eef1a1:dclk2-GFP) expressing two doublecortin domains 
(microtubule-binding domains) of the zebrafish doublecortin-like kinase dclk2 
fused to GFP, under control of the Xenopus eef1α promoter. Doublecortin 
domain binds between microtubule protofilaments and therefore decorates 
entire length of microtubules (Burgess and Reiner, 2000; Moores et al., 2004). 
This transgenic line was a kind gift from Marina Mione. More information about 
this transgenic line is available at http://zfin.org/action/fish/fish-detail/ZDB-
GENO-120801-1,ZDB-GENOX-120830-7. These embryos were used to study 
organization and dynamics of microtubules. 
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2.2. Live-imaging microtubules in the early zebrafish embryo 
2.2.1. Mounting embryos for live-imaging 
Crosses were set up with partitions separating male and female fishes. 
The partition was removed in the next morning and timer was started as soon as 
eggs were laid. Embryos were collected at  ~2 mpf and dechorionated manually 
at ~6 mpf in 30% Danieau’s solution (19.3 mM NaCl, 0.23 mM KCl, 0.13 mM 
MgSO4.7H2O, 0.2 mM Ca(NO3)2, 1.67 mM HEPES pH7.2). Dechorionated 
embryos were mounted on a number 1.5 cover-slip (Menzel-Glaser) in a drop 
of low-melting agarose (BioRad) 0.6 - 1% prepared in 30% Danieau’s solution. 
Low-melting agarose (LMA) was maintained at ~32oC to minimize the effect 
of heat on embryos. Embryos were oriented to appropriate positions using an 
eyelash tool before LMA hardened. A ring of Vaseline was deposited around 
the agarose drop, and Danieau’s solution was added to cover the LMA drop. 
Finally, another coverslip was placed on top of the Vaseline ring to prevent 
evaporation (Fig. 2.1). Most embryos were imaged on microscopes with heating 
chambers maintained at 28.5oC. Some were imaged at room temperature. 
2.2.2. Microscopes used for live imaging 
Microtubules at the vegetal cortex of the embryo were imaged on two 
custom-built spinning disk systems. The spinning disk system 1 comprised a 
Nikon Eclipse Ti microscope fitted to a Yokogawa CSU-X1 confocal scan unit, 
and a CoolSnap HQ2 camera (Photometrics). This system was controlled by 
Metamorph 7.7 (Molecular Device) and equipped with a 100x N.A. 1.4, a 60x 
N.A. 1.4, a 40x N.A. 1.3 and a 10x N.A. 0.3 lenses. The spinning disk system 2 




Figure 2.1. Mounting setup for live-imaging microtubules in 1-cell stage embryos  
Embryos were mounted in a drop of low-melting agarose and sealed in small chamber made of 




confocal scan unit, and a Hamamatsu C4742-80-12AG camera. It was 
controlled by Metamorph 7.6 (Molecular Devices) and equipped with a 100x 
N.A. 1.4, a 63x N.A. 1.4, and a 40x N.A. 1.3 lenses. 
Microtubules were also imaged on the lateral side on a Leica SP5 
confocal microscope equipped with a 100x N.A. 1.35, a 40x N.A. 1.25 and a 
20x N.A. 0.7 lenses.  
Microtubules in Tg(Xla.eef1a1:dclk2-GFP) embryos were imaged as 
time-lapses of z-stacks with step size of 0.28-0.6 µm, and at intervals of 15-90 
seconds, starting at ~13 mpf. Growing microtubule plus-ends at the vegetal 
cortex of Tg(Xla.eef1a1:Hsa.MAPRE3-GFP) embryos were imaged at a single 
z-plane at ~1-second intervals. These embryos were later imaged during 
gastrulation to identify the position of the dorsal organizer.  
2.2.3. Studying correlation between the parallel array direction and 
dorsal organizer position 
Tg(Xla.eef1a1:dclk2-GFP)  embryos were mounted in 0.9-1.1% LMA 
and imaged at around the center of the vegetal cortex (vegetal view) to detect 
parallel microtubule arrays during ~20-30 mpf on a wide-field Zeiss Axiovert 
200M microscope using a 63x N.A. 1.25 lens. Embryos were then allowed to 
develop and were imaged during gastrulation (vegetal view) to identify the 
position of the organizer using a 10x N.A. 0.3 lens. Data from twenty three 
embryos were analyzed. Images of the parallel array and gastrula were used to 
measure deviation angles between the direction of the parallel array and the 
position of the dorsal organizer using MBF-ImageJ 
(http://www.macbiophotonics.ca/imagej/) core 1.46 (Schneider et al., 2012) 
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(Fig.3.5). On the image of the parallel array, a line representing direction of the 
parallel array was drawn and transferred to the image of gastrula using ROI 
Manager in ImageJ. The angle between the parallel array and the dorsal 
organizer was measured by “Angle Tool”. Measurements were exported to a 
tab-delimited file and analyzed using Microsoft Excel. Deviation angles were 
assigned into classes of 10o ranging from 0o to 90o and plotted in a histogram.   
2.2.4. Live-imaging of fluorescently labeled wnt8a mRNA localization  
Fluorescent Alexa 568 UTP-labeled wnt8a RNA was transcribed in vitro 
from linearized pCS2+wnt8a:wnt8a UTR plasmid and injected into eggs 
squeezed from Tg(Xla.eef1a1:dclk2-GFP) females. Injected eggs were then 
fertilized in vitro and imaged on the spinning disk system 1. Asymmetric 
localization of injected wnt8a mRNA at the vegetal pole was examined on the 
Zeiss Axiovert 200M microscope using a 10x N.A. 0.3 lens.  
2.3. Image processing and presentation 
2.3.1. Image presentation 
Three-dimensional (3D) structures of microtubules were projected by 
Imaris 7.3 or 7.4 (Bitplane), exported as .tif files, processed using MBF-ImageJ 
core 1.46 and resized for figures using plugin Resize (Munoz et al., 2001). 
Images of perpendicular bundles were 3D deconvoluted by AutoQuant X2.1.3 
(Media Cybernetics) using default settings (adaptive PSF, 10 iterations, medium 
noise) before being projected by Imaris. Microtubules shown in figures and 
movies were labeled by Dclk-GFP unless stated otherwise.  
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2.3.2. Tracking cortical granule 
Two-dimensional (2D) maximum intensity z-projection of microtubules 
at the vegetal cortex was created by Metamorph and used for tracking. Cortical 
granules, which were identified as dark spherical areas lacking fluorescent 
Dclk-GFP signal, were tracked manually using plugin MTrackJ (Meijering et 
al., 2012) in ImageJ. Forty-five cortical granules were tracked in 5 embryos 
from ~14 mpf to 40 mpf. Measurements were exported to tab-delimited files 
and analyzed for traveling speeds and distances using Microsoft Excel.   
2.3.2. Tracking EB3-GFP comets 
EB3-GFP comets, which label growing microtubule plus-ends, were 
tracked manually for three consecutive time-points using plugin MTrackJ in 
ImageJ. About 100 comets were tracked in each embryo during 20-27mpf, 
adding up to 581 comets in six embryos. Tracking data were exported to tab-
delimited files and analyzed using Microsoft Excel. Movement direction of each 
EB3-GFP comet was determined using “Slope” function in Excel, and deviation 
angle between EB3-GFP direction and the dorsal organizer was calculated 
(Fig.3.6). Deviation angles were assigned into classes of 10o ranging from 0o to 
180o and plotted in a histogram.     
2.3.4. Measuring fluorescent intensity  
Two dimensional maximum intensity projection of Dclk-GFP stacks 
was generated and fluorescent intensities were measured along a line 
perpendicular to the parallel array using Metamorph. Maximum and average 




2.4.1. Immunostaining for microtubules 
Embryos, activated and unactivated eggs were fixed and immuno-
stained for α-tubulin as described (Topczewski and Solnica-Krezel, 1999). 
Embryos and activated eggs were dechorionated manually and fixed in 
Microtubule Assembly Buffer (80 mM KPIPES pH 6.5, 5mM EGTA, 1 mM 
MgCl2) containing 3.7% formaldehyde, 0.25% glutaraldehyde, 0.5 µM taxol, 
and 0.2% triton X-100 for six hours at room temperature (RT). While 
unactivated eggs were fixed before dechorionation. Afterward, fixed embryos 
and eggs were dehydrated and kept in methanol at -20oC overnight. They were 
rehydrated in Phosphate Buffered Saline (PBS) containing 0.1% Igepal CA-
630, incubated in 100mM NaBH4/PBS for 6-16 hours at RT, and then washed 
extensively in Tris-Buffered Saline (TBS: 155 mM NaCl, 10 mM Tris-Cl pH 
7.4, 0.1% Igepal CA-630).  After blocking in TBS containing 2% BSA and 5% 
normal goat serum for 30 minutes at RT, embryos and eggs were incubated with 
primary monoclonal antibody against human α-tubulin (Sigma-Aldrich, clone 
B-5-1-2, 1:400 dilution) at 4oC overnight. On the next day, they were washed 
in TBS at RT, incubated with Alexa-488-conjugated goat anti-mouse secondary 
antibody (Invitrogen, 1:4000 dilution) for 2-3 hours at RT, and then washed in 
TBS at 4oC overnight. Finally, stained embryos and eggs were cleared and 
mounted in 100% glycerol for imaging on the Leica SP5 confocal microscope 
using a 100x N.A. 1.35, a 40x N.A. 1.25, and a 20x N.A. 0.7 lenses. 
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2.4.2. Immunostaining for β-catenin 
Embryos at 256-cell to 1000-cell stages were fixed in 4% 
paraformaldehyde/PBS at RT for four hours, dehydrated and kept in methanol 
at -20oC overnight. On the next day, they were rehydrated, washed several times 
in PBST (PBS with 0.1% Tween 20), and blocked in PBST containing 1% BSA 
and 1% DMSO at 4oC for two hours. Afterward, embryos were incubated with 
primary antibody against β-catenin (Sigma C2206, 1:200 dilution) at 4oC 
overnight. Subsequently, they were washed four times in PBST at RT, 30 
minutes for each wash, and incubated with Alexa488-conjugated anti rabbit IgG 
secondary antibody (Invitrogen, 1:1000 dilution) at 4oC overnight. On the 
following day, embryos were washed three times in PBST at RT, for 30 minutes 
each, and stained with 0.5 µg/ml DAPI (Invitrogen) in PBST at RT for 30 
minutes and then washed 6 times, 30 minutes each.  Finally, embryos were 
mounted in glycerol and imaged on a Zeiss LSM 5 Exciter confocal microscope 
using a 20x N.A. 0.5 lens. Approximately 15-25 optical sections of 1.76 µm 
were examined in each embryo. Because intense membrane and cytoplasmic β-
catenin staining obscured nuclear staining, only a few successive optical 
sections for each embryo were selected, z-projected and processed using 
ImageJ.   
2.5. Drug treatment 
2.5.1. Nocodazole-bead treatment  
To locally disrupt the parallel array and examine the effects on cortical 
granule movement, Affi-Gel blue beads (Bio-Rad) were soaked in 25 µg/ml 
nocodazole (Sigma-Aldrich, 5 mg/ml stock solution in DMSO) for at least 30 
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minutes at room temperature (RT) and were embedded in agarose, edging 
Tg(Xla.eef1a1:dclk2-GFP) embryos at ~12-15 mpf. Nocodazole binds to 
tubulin and prevents microtubule assembly resulting in disruption of 
microtubules (De Brabander et al., 1976; Lee et al., 1980). Embryos were then 
imaged on the spinning disk system 1 using a 40x N.A. 1.3 lens.  
2.5.2. Thapsigargin treatment for studying formation of parallel 
microtubule arrays 
To study effect of thapsigargin on formation of the parallel array, eggs 
were squeezed from wild-type AB (http://zfin.org/ZDB-GENO-960809-7) 
females and activated by adding egg water. Unfertilized, activated eggs were 
then incubated in 1µM thapsigargin (Fermentek, 10 mM stock solution in 
DMSO) from five minutes post activation (mpa) onwards, dechorionated, and 
fixed at 25 mpa in microtubule fixative. Thapsigargin blocks Ca2+-ATPase 
calcium pumps on the endoplasmic reticulum (ER) resulting in elevated level 
of calcium in the cytoplasm (Takemura et al., 1989; Thastrup et al., 1990). Wild-
type AB embryos from natural crosses were similarly treated with thapsigargin 
and fixed at 25mpf.  Fixed eggs and embryos were processed for 
immunostaining with α-tubulin antibody to detect the parallel array.  
2.5.3. Thapsigargin treatment for studying dynamics of microtubules 
Tg(Xla.eef1a1:dclk2-GFP) embryos were dechorionated and incubated 
in 1µM thapsigargin from ~12 mpf or 15 mpf onwards, mounted in 0.8% LMA 
prepared in 30% Danieau’s solution containing 1µM Thapsigargin and then 
imaged on the spinning disk system 2.  
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2.5.4. Thapsigargin treament for studying nuclear localization of β-
catein 
Wild-type AB embryos were briefly incubated in 30% Danieau’s 
solution containing 1µM thapsigargin from 5 mpf to 25 mpf and then washed 
extensively in egg water. They were fixed at 256- to 1000-cell stages in 4% 






CHAPTER 3  RESULTS 
3.1. Three populations of microtubules in the vegetal cortex 
Using Tg(Xla.eef1a1:dclk2-GFP) embryos for live-imaging, I identified 
three microtubule populations in the vegetal cortex of the early zebrafish 
embryo (Fig.3.1; Movie 1). The first population consists of parallel microtubule 
arrays (Fig.3.1A-D). These microtubules align with one another and reside in 
the outmost layer (~5-µm thick) of the cortex. Located deeper inside is the 
second population, a non-directional microtubule meshwork (Fig.3.1E-H). It is 
comprised of a dense network of microtubules organized randomly (~15-µm 
thick). Because live membrane marker was not available, absolute distances of 
these microtubule populations to the cell membrane could not be established. 
Overlapping with the non-directional meshwork are perpendicular bundles, the 
third population (Fig.3.1I-L). They are perpendicular to the vegetal cortex and 
orient along the animal-vegetal axis of the embryo. These three microtubule 
populations are distinctly organized in the vegetal cortex.  
3.2. Perpendicular bundles align with the animal-vegetal axis of 
the zebrafish embryo 
Perpendicular bundles are a novel microtubule population observed 
during the first 10-30 mpf (Fig.3.2; Movie 2). They originate inside the non-
directional meshwork at the depth of ~15 µm as several individual microtubules 
clustering into thick bundles at ~20-23 µm (Movie 1). These bundles can be 




Figure 3.1. Three microtubule populations in the vegetal cortex of the early zebrafish 
embryo  
Representative optical sections of a z-stack acquired at the vegetal cortex of the embryo at about 
27 mpf show microtubules in the outmost layer, the parallel array (A-D, yellow stars), organize 
in a distinct pattern from those in the deeper layer, the non-directional meshwork (E-H). 
Perpendicular bundles in the cross-section are marked by yellow arrow heads (I-L). Inset in A 
shows schematic of views, and viewing orientation is shown with a solid black arrowhead. 
Numbers at the bottom right of panels indicate depth (µm) of the optical section. The outmost 
layer of this embryo was not imaged therefore the parallel microtubules layer appeared thinner 






Figure 3.2. Perpendicular bundles align with the animal-vegetal axis 
Two-dimensional y-projections of vegetal cortex show perpendicular bundles oriented 
vertically with the animal pole to the top, the vegetal pole the bottom. Yellow arrow heads mark 
the positions of perpendicular bundles which can be seen moving upwards during the time-
lapse. Inset in A shows schematic of views and viewing orientation is shown with a solid black 





3.3. The parallel array forms directionally  
Concurrent with the perpendicular bundles, the parallel array are also 
transient and dynamic (Fig.3.3; Movie 3). Parallel microtubules form rapidly, 
directionally from ~14 mpf (Fig.3.3B), elongate, bundle to long, thick cables 
and extend to cover a large area of the vegetal cortex (Fig3.3B-H). The arrays 
comprise of bunches of intermingled parallel bundles. It is difficult to discern 
individual bundles as they are linked to each other by many small filaments. 
The parallel array then begins to dissociate from ~25 mpf (Fig3.3I-K) and turns 
into a non-directional meshwork of microtubules at ~30 mpf (Fig.3.3L). The 
parallel array is only observed at the vegetal cortex during 14-30 mpf and not 
detected after that.  
3.4. The parallel array is asymmetric in the vegetal cortex 
The parallel array was observed previously at the center of the vegetal 
cortex (Jesuthasan and Stahle, 1997). However, directional formation of the 
parallel array in live Tg(Xla.eef1a1:dclk2-GFP) embryos suggests that the 
parallel array may “grow” to only one side of the vegetal cortex. Moreover, 
formation of the parallel array coincides with asymmetric displacement of 
Syntabulin protein (Nojima et al., 2010) and wnt8a mRNA (Lu et al., 2011) in 
the vegetal cortex. These maternal factors are essential to dorsal specification, 
and their asymmetric translocation is dependent on microtubules (Lu et al., 
2011; Nojima et al., 2010; Nojima et al., 2004). I therefore fixed and stained 
wild-type AB embryos for α-tubulin and found that the parallel array indeed 
occupies only one side of the vegetal cortex (Fig.3.4A-B). The parallel array 




Figure 3.3. The parallel array forms directionally 
Two-dimensional z-projections present dynamics of microtubules at the vegetal cortex. The 
parallel array starts to form at the top left corner (B), “grows” directionally (C-E), covers a large 
area of the vegetal cortex (F-H), and then dissociates (I-K) into a non-directional meshwork (L). 
Yellow arrowheads mark the front and yellow dashed lines indicate the spread of the parallel 
array. Inset in A shows schematic of views, and viewing orientation is shown with a solid black 







Figure 3.4. The parallel array is asymmetric and injected wnt8a mRNA localizes with the 
parallel array 
Immunostaining for α-tubulin shows that the parallel array resides at one side and covers a large 
sector of the vegetal cortex (A), and extends ~250 µm towards the animal pole (B). Injected 
Alexa568-labeled wnt8a mRNA localizes with the parallel array (C) and becomes asymmetric 
at 35 mpf (D, yellow arrow heads). Inset in C shows magnified squared region. Red star in D 
marks injected wnt8a mRNA localizing to the blastodisc. Panels A and B present the same 
embryo imaged at different views. Vegetal view in A and C, lateral view in B and D with the 





vegetal cortex (Fig.3.4A-B). As can be seen in the lateral view with the animal 
pole to the top, the parallel array extends ~250 µm towards the blastodisc, which 
accounts for an arc of ~60o in an embryo of ~500 µm in diameter, about a third 
of the distance from the vegetal pole to the animal pole (Fig.3.4B).  
Because the parallel array is asymmetric, dorsal determinants can only 
be transported to one side of the zebrafish embryo. This distribution of the 
parallel array can explain how maternal factors such as Syntabulin protein 
(Nojima et al., 2010) and wnt8a mRNA (Lu et al., 2011) are displaced 
asymmetrically at the vegetal pole after fertilization. To examine whether wnt8a 
mRNA localizes with the parallel array, Alexa568-labeled wnt8a RNA was 
injected into Tg(Xla.eef1a1:dclk2-GFP) eggs which were then fertilized and 
imaged for fluorescent wnt8a mRNA and microtubules. Small, discrete 
aggregates of fluorescent wnt8a RNA are only detected in the parallel array 
region but not outside of the parallel array (Fig.3.4C, n=6 embryos) at ~20 mpf. 
By 35 mpf injected fluorescent RNA is detected asymmetrically on the vegetal 
lateral cortex and in the blastodisc (Fig.3.4D). The injected RNA has the same 
localization pattern as reported for endogenous wnt8a RNA (Lu et al., 2011). 
Therefore this result strongly suggests that wnt8a RNA localizes with the 
parallel array.  
Thus, the parallel array resides on one side of the vegetal cortex. 
Moreover, the parallel array extends about a third of the distance from the 
vegetal pole to the animal pole and likely transports wnt8a mRNA, a dorsal 
determinant.   
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3.5. The parallel array marks the future dorsal organizer 
To determine if the asymmetric localization of the parallel array 
corresponds to the dorsoventral axis, live Tg(Xla.eef1a1:dclk2-GFP) embryos 
embedded in agarose were imaged at ~20-30 mpf to detect the parallel array 
(Fig.3.5A, blue line), and imaged during gastrulation to identify the dorsal 
organizer (Fig.3.5B, red arrow). Deviation angles (Fig.3.5C, δ) between parallel 
microtubules and the dorsal organizer were measured and plotted (Fig.3.5D). In 
most embryos (95%, n=23), the shield forms within 30o of the direction of the 
parallel array (Fig. 3.5D). Therefore, parallel array orientation corresponds to 
the future embryonic dorsal. 
3.6. Microtubule plus-ends are directed toward the future 
dorsal  
To determine the directionality of the parallel array, growing 
microtubule plus-ends labeled by EB3-GFP were imaged at the vegetal cortex 
of the Tg(Xla.eef1a1:Hsa.MAPRE3-GFP) embryos. EB3-GFP comets move 
directionally before 28mpf, and randomly after that (Movie 4). They were 
tracked during 20-27 mpf to determine movement directions (Fig.3.6A, red 
arrows). These directions were compared to the dorsal organizer position at the 
gastrula stage (Fig.3.6B, blue arrow) to calculate deviation angles (Fig.3.6C, δ). 
It is noticeable that most microtubule plus-ends are oriented directionally 
towards the future embryonic dorsal (Fig.3.6D). More than 60% of 
microtubules direct their plus-ends to within 30o of the dorsal. If one takes a 
~45o sector covered by the parallel array (Fig.3.4) into account, more than 72% 




Figure 3.5. The parallel array marks the future dorsal organizer  
Orientation of the parallel array was determined at ~20-30mpf (A) and compared to position of 
the dorsal organizer during gastrulation of the same embryo (B) to measure deviation angle (δ) 
between the parallel array and the dorsal organizer (C). Most embryos have their organizer 
forming within 30o of the parallel array (D). Vegetal view in A-C. C is an overlay of 






Figure 3.6. Microtubule plus-ends are directed toward the future dorsal 
Growing microtubule plus-ends labeled by EB3-GFP were tracked for three consecutive time-
points during 20-27mpf (A) and compared to position of the embryonic shield during 
gastrulation (B) to calculate deviation angle δ (C). Graph in D shows that most of microtubule 
plus-ends grow towards the future dorsal (n=581 EB3-GFP comets in 6 embryos). Red arrows 
present movement direction of microtubule plus-ends. Blue arrows show position of the dorsal. 




parallel microtubules orient towards the dorsal, they are sometimes wavy 
(Fig.3.3) therefore tracked plus-ends at curve sites may contribute to the large 
range of deviation angles. Nevertheless, less than 5% of the growing plus-ends 
are directed towards the opposite side (150o-180o) of the future dorsal, 
suggesting that microtubules are parallel, not anti-parallel. Thus plus-ends of 
the parallel array at the vegetal cortex are oriented towards the future embryonic 
dorsal. Consequently, dorsal determinants are likely transported by plus-end-
directed motor proteins towards the future dorsal. 
3.7. Cortical granules move directionally along the parallel 
array 
I observed that several cortical granules in the vegetal cortex (dotted 
circles in Fig.3.7A) moved when the parallel array were present (Movie 5). 
Those granules were tracked (Fig.3.7A-C, numbered granules) and analyzed. 
The results show that they move rapidly and directionally initially (0.17±0.04 
µm/s on average, n=29 granules at 18 mpf, Fig.3.7D, phase 1). However they 
slow down and move randomly after 30 mpf (0.02 ±0.01µm/s on average, n=38 
granules at 35 mpf; Fig.3.7D, phase 2). Phase 1 correlates with the presence of 
the parallel array and in phase 2 the parallel array disappears, giving way to a 
dense non-directional microtubule meshwork. In phase I cortical granules move 
more than 70 µm on average, some move up to 110 µm, whereas in Phase 2, 
they move less than 8 µm on average (Fig.3.7E). The distance of 70-110 µm 
traveled by granules along the parallel array (in embryos with a diameter of 
~500 µm) corresponds to an arc of ~20o. Cortical granules were observed 




Figure 3.7. Cortical granules move directionally along the parallel array 
Cortical granules (dotted white circles in A,B) at the vegetal pole move fast along the parallel 
array before 30 mpf (B and D, phase 1), and move slowly, randomly after the parallel array 
disappears (C and D, phase 2). Colored lines in B and C indicate individual cortical granules 
that were numbered and tracked. White arrowheads in C mark the position where cortical 
granules start moving randomly. Each line in the graph in D shows the average speeds of cortical 
granules in each embryo (parentheses show number of granules tracked in each embryo). 
Standard deviation bars are shown for the time points indicated. Graph in E show travel 




that they moved towards the future ventral. Movement of the cortical granules 
is similar to movement of the core cytoplasm in the Xenopus embryo when the 
cortex is immobilized (Fig1.3). Because the embryo cortex is immobilized in 
agarose for imaging, cortical granules on the subcortical cytoplasm moves 
towards the future ventral, opposite to microtubule plus-ends in the cortex. It is 
not known whether cortical granules are displaced throughout the zebrafish 
embryo or only at the dorsal side of the vegetal cortex which is marked by 
parallel microtubules. I therefore termed this movement as cortical rotation-like 
to represent similarity to the cortical rotation in Xenopus embryos. 
3.8. Directional movement of cortical granules is dependent on 
the parallel array 
To determine if granule movement is dependent on the parallel array, 
microtubules were disrupted locally and cortical granule movement was 
examined (Fig.3.8). When beads soaked in DMSO are embedded next to 
embryos (Fig.3.8A), the parallel array is not affected (Fig.3.8E) and neither is 
cortical granule movement (Movie 6). Cortical granules move fast (Fig.3.8I), 
directionally along the parallel array (Fig.3.8M), and travel long distances 
(Fig.3.8Q, 99 µm on average, 8 granules). However, when beads soaked in 
nocodazole are embedded next to embryos (Schematic in Fig.3.8B-D), parallel 
microtubules in close proximity are disrupted (Fig.3.8F,H) and so is cortical 
granule movement (Movie 7, 8). Cortical granules move more slowly 
(Fig3.8J,L), change direction (Fig.3.8N,P) and travel shorter distances 
(Fig3.8Q, 25 µm in average, 24 granules). In one instance (Movie 7), parallel 
microtubules close to the bead are disrupted (Fig.3.8B,F), cortical granules in 




Figure 3.8. Directional movement of vegetal cortical granules is dependent on the parallel 
array  
(A-D) Position of beads relative to the parallel array, DMSO-bead is shown as a solid black 
circle and intact parallel microtubules solid green lines (A), nocodazole-beads solid blue circles 
and disrupted microtubules green dashed lines (B-D), granules open black circles (A-D). (E-H) 
Microtubules in experimented embryos, numbers represent time in minute:second post 
fertilization, yellow asterisks indicate granules tracked. (I-L) Average speed of cortical 
granules. Black dots represent speed at alternative time-points. Standard deviation bars are 
shown for some selected time-points. (M-P) Movement trajectories of cortical granules with 
parallel microtubules orient vertically, blue arrowheads mark initial cortical granule positions. 
(Q) Distance travelled by individual cortical granules. Panels C,G,K,O are for cortical granules 
in unaffected region while panels D,H,L,P are for cortical granules in microtubule-disrupted 





cortical granules in the region close to the bead (affected region, top half of the 
view in Movie 7) move backward, those in the region distal to the bead 
(unaffected region, bottom half of the view in Movie 7) change direction. A 
possible explanation is that cortical granules in the affected region are not 
supported by parallel microtubules and move freely. Cortical granules in the 
unaffected region are pushed by microtubules and by moving region below 
(outside of the view) but at the same time they are blocked by the affected 
region, therefore they divert to the boundary between the affected and 
unaffected regions. In another instance (Movie 8), only cortical granules in the 
microtubule-disrupted region (Fig.3.8D,H) are affected (Fig.3.8L,P) while 
those in the unaffected distal region (Fig3.8C,G) move quite normally 
(Fig.3.8K,O). Thus, directional movement of vegetal cortical granules is 
dependent on the parallel array. In other words, the parallel array is essential for 
cortical rotation-like movement.  
3.9. Formation of the parallel array is independent of 
fertilization 
My previous results show that the parallel array is essential for 
directional movement of cortical granules. This movement is similar to cortical 
rotation in Xenopus, which is triggered by fertilization. Therefore, I examined 
if fertilization is required for parallel array formation and cortical granule 
movement. Eggs were squeezed from Tg(Xla.eef1a1:dclk2-GFP) females and 
activated by egg water. Surprisingly the parallel array formed in unfertilized, 
activated eggs (Fig3.9 and Movie 9). Parallel microtubules start to appear ~16 
mpa (Fig.3.9A), bundle and elongate (Fig.3.9B-H) and start dissociating at ~27 




Figure 3.9. Parallel array formation and cortical granule movement are independent of 
fertilization  
The parallel array forms in unfertilized, activated egg with similar dynamics to that in embryos. 
A cortical granule (marked by yellow star) moves a long distance (~110µm) along the parallel 
array when they are forming (A-H) and moves very little after that (I-K). Inset in A shows 
schematic of views, and viewing orientation is shown with a solid black arrowhead. Numbers 




those in fertilized eggs (Fig.3.3). A cortical granule (marked by yellow star in 
Fig.3.9A-K) can be seen moving along the parallel array. It travels ~110µm, as 
long as those in fertilized eggs. Thus parallel array formation and cortical 
granule movement are independent of fertilization. 
3.10. Formation of the parallel array is dependent on Ca2+ 
signal 
The parallel array forms independently of fertilization. However, does 
it require egg activation? Eggs were squeezed from wild-type AB females, kept 
inactivated, fixed at 25 minutes post squeezing (mps) and stained for α-tubulin. 
The parallel array does not form in inactivated eggs (Fig.3.10A) while it forms 
normally in activated eggs (Fig.3.10B). Hence the parallel array only forms 
upon egg activation. 
So what might trigger formation of the parallel array upon egg 
activation? Calcium waves were observed initiating at the animal pole and 
traversing towards the vegetal pole in early embryos, or activated eggs (Lee et 
al., 1996; Lee et al., 1999; Leung et al., 1998; Sharma and Kinsey, 2008). 
Moreover, disruption of Ca2+ signaling after the third cell division results in 
hyperdorsalized embryos (Westfall et al., 2003). Therefore, I examined whether 
Ca2+ signaling is required for parallel array formation. Embryos or unfertilized, 
activated eggs were treated with thapsigargin, which blocks Ca2+-ATPase 
calcium pumps on the endoplasmic reticulum (ER) resulting in elevated level 
of calcium in the cytoplasm (Takemura et al., 1989; Thastrup et al., 1990), and 
then fixed and stained for α-tubulin to detect the parallel array at 25 mpf/mpa. 




Figure 3.10. Formation of the parallel array is dependent on Ca2+ signal 
(A) The parallel array does not form in inactivated eggs. (B-E) eggs or embryos were treated 
with thapsigargin or DMSO, stained for α-tubulin and categorized by the parallel array. (B-D) 
Classes of embryos with different forms of the parallel array: normal parallel array (B), severely 
reduced array with most of microtubules unaligned (C), no array or absent (D). (E) Percentage 
of eggs or embryos with absent (black), reduced (dark gray) or normal (pale gray) parallel array. 






many embryos could be fixed at the same time. Moreover, fixed embryos can 
be examined more thoroughly from different angle of views so that every part 
of the cortex was checked. The parallel array is normal in 100% of DMSO-
treated eggs and 97% of DMSO-treated embryos (Fig.3.10B,E). However, the 
parallel array does not form in 84% of thapsigargin-treated eggs (Fig.3.10D,E) 
and is severely reduced in the rest of treated eggs (16%, Fig.3.10C,E). 
Thapsigargin also affects formation of the parallel array in treated embryos: 
27% embryos without the parallel array, 49% embryos with reduced array and 
24% embryos with normal array (Fig3.10E). These results can be attributed to 
the fact that calcium waves are initiated earlier in fertilized embryos than in 
activated eggs (Sharma and Kinsey, 2008) therefore alleviating the effect of 
thapsigargin and resulting in milder effects on the parallel array. It is noticed 
that the parallel array formed a little earlier in naturally fertilized embryos 
(Fig.3.3) than in activated eggs (Fig.3.9). Probably activated eggs squeezed 
from female fish may have not reached the final stage of oogenesis or may not 
have been exposed to some inducing signal released during spawning. 
Interestingly, the ratio of thapsigargin-treated embryos with affected parallel 
array is similar to that of brom bones/hnrnp I mutants: 16% embryos without 
the parallel array, 57% embryos with reduced, short array and 27% embryos 
with normal array (Mei et al., 2009). brom bones mutant embryos are defective 
in raising free cytosolic Ca2+ upon fertilization. Hence formation of the parallel 
array is dependent on Ca2+ signal.  
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3.11. Disruption of the parallel array affects nuclear localization 
of β-catenin to dorsal nuclei 
Dorsal determinants activate the Wnt signaling to specify the dorsal 
(Langdon and Mullins, 2011). Upon activation of Wnt receptors, β-catenin 
which is normally targeted to degradation by GSK-3 complexes in the 
cytoplasm is stabilized and moves into the nucleus where it interacts with 
TCF/LEF to activate dorsal specific genes. β-catenin mRNA is expressed 
maternally, loss of maternal β-catenin results in loss of dorsal and 
overexpression of  β-catenin leads to axis duplication (Kelly et al., 2000; Kelly 
et al., 1995). Nuclear β-catenin can be detected in dorsal nuclei as early as the 
128-cellstage and is used as a dorsal marker (Dougan et al., 2003; Schneider et 
al., 1996). Disruption of microtubules in early embryos blocks nuclear 
localization of β-catenin and results in ventralized embryos (Jesuthasan and 
Stahle, 1997). Moreover, brom bones/hnrnp I mutants show a range of defects 
in nuclear localization of β-catenin to dorsal nuclei and a range of ventralized 
phenotypes (Mei et al., 2009; Wagner et al., 2004). Therefore, 
defective/disrupted parallel array may result in abnormal dorsoventral 
patterning. In order to verify this, Tg(Xla.eef1a1:dclk2-GFP) embryos were 
embedded next to nocodazole-beads to locally disrupt the parallel array and then 
examined for nuclear localization of β-catenin at 256- or 512-cell stages. In 
embryos embedded next to DMSO-beads the parallel array is not affected 
(Fig.3.11B) and β-catenin localizes normally to dorsal nuclei (Fig.3.11C-E; 2/2 
embryos). When the parallel array is disrupted in embryos embedded next to 




Figure 3.11. Disruption of the parallel array blocks nuclear localization of β-catenin to 
dorsal nuclei  
(A,F,K,P,U) Positions of beads relative to the parallel array, DMSO-bead is shown as a solid 
black circle and parallel microtubules as solid green lines (A), nocodazole-beads as solid blue 
circles and disrupted microtubules as dashed green lines (F,K,P,U). (A-E) In embryos embedded 
next to DMSO-beads the parallel array is not affected (B) and β-catenin localizes to dorsal nuclei 
(C-E). (F-Y) In embryos embedded next to nocodazole-beads the parallel array is disrupted 
(G,L,Q,V) and β-catenin fails to localize to nuclei (H-J,M-O,R-T,W-Y). Vegetal view in 
B,G,L,Q,V and lateral view in C-E,H-J,M-O,R-T,W-Y. Scale bar, 30 µm in B,G,L,Q and V; 50 





(Fig.3.11H,M,R,W; 6/6 embryos). Therefore, disruption of the parallel array 
affects nuclear localization of β-catenin. In other words, dorsal determinants do 
not activate the Wnt signaling when the parallel array is disrupted, probably 
because dorsal determinants are not transported from the vegetal pole to the 
future dorsal. These results, together with the finding that the parallel array 
orients towards the future dorsal, strongly support the conclusion that the 
parallel array transports dorsal determinants.   
3.12. The non-directional microtubule meshwork is remodeled 
periodically 
The non-directional microtubule meshwork distributes throughout the 
embryo cortex and exhibits interesting dynamics (Fig.3.12 and Movie 10). After 
parallel microtubules dissociate at ~31 mpf, long microtubules form a dense 
meshwork which remains dense for ~8 minutes (Movie 10). This meshwork 
undergoes dramatic changes starting at ~39 mpf (Fig.3.12A) and lasts for ~8 
minutes, during which microtubules are severed into short fragments 
(Fig.3.12B-E). Many short microtubules can be seen treadmilling through the 
view when depolymerization rates at their minus-ends are not as fast as 
polymerization rates at their plus-ends (Movie 10). Short microtubules regrow 
back to long microtubules and re-form a dense meshwork at ~48 mpf (Fig.3.F), 
which remains dense for the next ~8 minutes (Fig.3.12G-K) until another round 
of severing begins at ~59 mpf (Fig.3.12L). The period during which 
microtubules are severed into short fragments is termed as “severing phase” 
(Fig.3.12B-F) and the other period during which microtubules are long and 
constitute a dense meshwork is termed as “stable phase” (Fig.3.12G-K). 






Figure 3.12. The non-directional microtubule meshwork is remodeled periodically 
A dense meshwork transforms to fragmented microtubules (A-F), which then re-transforms 
back to a dense meshwork (G-L). Inset in A shows schematic of views, and viewing orientation 
is shown with a solid black arrowhead. Yellow arrows indicate direction of “remodeling wave”, 
yellow or green dashed lines represent fronts of “remodeling waves”. Numbers represent time 








Figure 3.13. Maximum fluorescent intensity changes periodically 
Each coloured line represents maximum intensity measured on a line parallel to “remodeling 
waves” which is perpendicular to the parallel array at the vegetal cortex of embryos. 







































direction, and were therefore referred as “remodeling waves”. “Remodeling 
waves” traverse along the direction of the parallel array, which is present in the 
earlier stage.  
It was noticed that during the “severing phase” microtubules are short, 
sparse and brightly labeled by Dclk-GFP. They are longer, denser, and less 
brightly labeled in the “stable phase”. Changes in fluorescent intensity can be 
attributed to changes in balance of Dclk-GFP to microtubules. Dclk-GFP binds 
between protofilaments and labels microtubules. Pool of Dclk-GFP is probably 
invariable so when there are many long microtubules in the “stable phase”, 
density of Dclk-GFP on microtubules is low, making microtubules appear faint 
and thin. However, when there are fewer and shorter microtubules in the 
“severing phase”, the density of Dclk-GFP on microtubule increases 
significantly, making them brighter and thicker. In order to compare 
“remodeling waves” among embryos, I measured fluorescent intensity on a line 
parallel to the “remodeling waves” (green, yellow dash lines in Fig3.12A,F,L), 
which is also perpendicular to the parallel array at the earlier stages, during a 
time course and plotted to a graph (Fig.3.13). The thick, black line at the bottom 
of the graph (Emb1AI) represents average fluorescent intensity on the line. The 
average intensity is invariable suggesting that the pool of Dclk-GFP does not 
change. However maximum fluorescent intensities in different embryos (Emb1-
5) change similarly and periodically, reaching the first peak at about 45 mpf and 
subsequent peaks at about 20-minute intervals. High fluorescence intensity 
values represent “severing phases” and low intensity values represent the 






Figure 3.14. Microtubule “remodeling wave” transverses along the animal-vegetal axis 
(A-D) The first “severing phase” initiates at the animal pole and traverses towards the vegetal 
pole. (E-J) “stable phase” also initiates at the animal pole and traverses towards the vegetal pole. 
(K-L) the second “severing phase” starts at the animal pole. Inset in A shows schematic of 
views, and viewing orientation is shown with a solid black arrowhead. Yellow arrows indicate 




egg (thick, blue line; Egg1). Thus, the non-directional meshwork changes 
periodically with alternative “severing” and “stable” phases. 
3.13. Microtubule “remodeling waves” traverse along the 
animal-vegetal axis 
“Remodeling waves” come along the parallel array, suggesting that they may 
derive from the animal pole. To verify this, Tg(Xla.eef1a1:dclk2-GFP) embryos 
were imaged at the lateral side (Movie 11). Fragmented microtubules are first 
observed at the animal cortex at ~34 mpf (Fig.3.14A), at the blastodisc margin 
at ~36 mpf (Fig.3.14B), and then at the vegetal cortex ~38 mpf (Fig.3.14C). 
Cortical microtubules are globally severed at ~40 mpf (Fig.3.14D). Soon after 
that, a dense meshwork re-forms at the animal cortex at ~41 mpf (Fig.3.14E), 
extends toward the vegetal pole (Fig3.14F-H), and covers the whole embryo at 
~49 mpf (Fig3.14I-J). Another “severing phase” initiates at the animal cortex at 
~52mpf (Fig3.14K-L). Organizational changes of the meshwork occur in one 
region then progress to the adjacent region along the animal-vegetal axis. Thus 
“remodeling waves” of cortical microtubules initiate at the animal pole and 
traverse along the animal-vegetal axis towards the vegetal pole.  
3.14. Remodeling of the non-directional meshwork is 
dependent on Ca2+  
“Remodeling waves” traverse along the animal-vegetal axis similar to 
the calcium wave reported right after activation or fertilization (Lee et al., 1999; 
Leung et al., 1998; Sharma and Kinsey, 2008), suggesting that similar calcium 
wave at the later stages may trigger remodeling of the non-directional 
microtubule meshwork. Therefore I treated Tg(Xla.eef1a1:dclk2-GFP) 
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embryos with thapsigargin at 12 mpf or 15 mpf and imaged microtubules at the 
vegetal cortex. By the time of thapsigargin treatment, the parallel array had 
started to form therefore some aligned microtubules could still be observed. In 
most treated embryos (7/8 embryos) microtubule remodeling is blocked and the 
non-directional meshwork remains in the “stable phase” up to ~2 hpf (Movie 12 
and Fig.3.16, Emb1-2,4-8). In one treated embryo (Fig.3.16, Emb3) reduced 
parallel array is observed during the early stage (Fig.3.15A-B and Movie 13) 
and then dissociates into the non-directional meshwork, which remains 
relatively unchanged for a prolonged period (Fig.3.15C-F). The first “severing 
phase” occurs late at ~78 mpf (Fig.3.15G) compared to that at ~38 mpf in 
untreated embryos (Fig.3.12A), ends shortly (Fig.3.15H), and generates just a 
few fragmented microtubules (Fig.3.15H and Movie 13). Microtubules regrow 
into a dense meshwork (Fig3.15I-K) which remains relatively unchanged until 
the second “severing phase” begins ~40 minutes after the first one (Fig.3.15L). 
Thus, disruption of calcium transients blocks “severing phase” and maintains 






Figure 3.15. Disruption of calcium transients affects dynamics of the non-directional 
meshwork 
(A-B) Reduced parallel array is transiently observed in embryo treated with thapsigargin from 
12 mpf onwards. (C-F) The non-directional meshwork is in “stable phase” for a prolonged 
period. (G-H) The first “severing phase” occurs late and is not severe. (I-K) The non-directional 
meshwork changes back to “stable phase” until (L) the second “severing phase” happens. Inset 
in A shows schematic of views, and viewing orientation is shown with a solid black arrowhead. 
Yellow arrows indicate direction of “remodeling waves”, yellow dashed lines represent fronts 
of “severing phase” and green dashed line front of “stable phase”. Numbers represent time in 





Figure 3.16. Maximum fluorescent intensity does not changed in thapsigargin treated 
embryos 
Each coloured line represents maximum intensity measured on a line (perpendicular to the 
parallel array if it is detected) in an embryo. Maximum intensities remain unchanged up to ~2 
hpf in most thapsigargin treated embryos. Representative average intensity from embryo 5 was 
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CHAPTER 4   DISCUSSION AND CONCLUSIONS 
4.1. Perpendicular bundles 
Although the parallel array and the non-directional microtubule 
meshwork were reported previously (Jesuthasan and Stahle, 1997), this is the 
first time perpendicular bundles have been observed in zebrafish embryos. 
Using the same immunostaining protocol as that used by Jesuthasan and Strahle 
(1997), I found that microtubules can be detected up to ~10 µm-deep in the 
cortex, more superficial than the depth of ~15 µm where perpendicular bundles 
form. This may explain why perpendicular bundles were not detected in 
previous studies. Additionally, perpendicular bundles are also transient and 
move into the yolk quickly, making them difficult to visualize. 
Dorsal determinants localized to the vegetal pole are transported via 
microtubules during the first 30 mpf (Jesuthasan and Stahle, 1997; Mizuno et 
al., 1999; Ober and Schulte-Merker, 1999). Because only microtubules on the 
cortex were observed (Jesuthasan and Stahle, 1997) it was generally believed 
that the dorsal determinants were transported along cortical microtubules. I 
found that perpendicular bundles emanate from the vegetal cortex and project 
toward the animal pole (Fig.3.2). As perpendicular bundles are thick bundles, it 
is possible that they extend deeper inside the yolk and connect to other 
microtubules inside the yolk (yolk microtubules). They may form another 
transport route through the yolk for localization of dorsal determinants. There 
are several lines of evidence to support this notion. Firstly, localization of 
zebrafish mago nashi mRNA to the blastodisc at the 1-cell stage is dependent 
on microtubules (Pozzoli et al., 2004). Drosophila mago nashi encodes an RNA 
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binding protein which is important for localization of oskar mRNA to the 
posterior of the oocyte, and mediates back signal from the posterior follicle cells 
to the oocyte. In mago mutant oocytes, oskar mRNA is not localized to the 
posterior, germ cell line is not established, the oocyte nucleus does not migrate 
from the posterior to the anterior to specify dorsal, resulting in anteroposterior 
and dorsoventral axes defects (Boswell et al., 1991; Micklem et al., 1997; 
Newmark and Boswell, 1994; Newmark et al., 1997). In zebrafish embryos, 
mago nashi mRNA localizes to four central blastomeres at the 8-cell stage 
(Pozzoli et al., 2004). When microtubules are disrupted by nocodazole 
treatment, mago nashi mRNA does not localize to the blastomere at 1-cell stage. 
It concentrates inside the yolk, devoid of the cortex (Pozzoli et al., 2004). This 
indicates that microtubules inside the yolk are required for localization of mago 
nashi mRNA. Cold treatment results in milder effects with a portion of mago 
nashi mRNA trapped inside the yolk and the mRNA not localizing at 8-cell 
stage (Pozzoli et al., 2004). Secondly, localization of squint mRNA is similarly 
affected by microtubule disruption. squint mRNA distributes ubiquitously in the 
egg and upon fertilization it localizes to the two dorsal cells by the 4-cell stage, 
and is important for the dorsoventral axis formation (Gore et al., 2005). 
Removal of squint mRNA-containing cells or injection of squint morpholinos 
results in ventralized embryos (Gore et al., 2005). Recently, it was found that 
the dorsalizing activity of squint mRNA is mediated by its non-coding 3’UTR 
sequence (Lim et al., 2012). squint mRNA probably carries other determinants 
that act on the Wnt signaling pathway to specify dorsal (Lim et al., 2012). When 
microtubules are disrupted by nocodazole treatment, large aggregates of squint 
mRNA are found in the yolk as the mRNA fails to localize to the blastodisc 
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(Gore and Sampath, 2002). Moreover, injected fluorescent squint mRNA moves 
up through the yolk to the blastodisc. While it is stationary at the injection site 
in microtubule-disrupted embryos (Gore et al., 2005). These results strongly 
support the presence of a microtubule transport route inside the yolk. However, 
microtubule structures inside the yolk have not been adequately studied. They 
were poorly preserved in embryos fixed for transmission electron microscopy 
and found scattered in the yolk (Fernandez et al., 2006). In addition, it would be 
difficult to correlate organization of microtubules to embryo axes in electron 
microscopy. Another approach is to immunostain microtubules on sagittal 
sections, which cut through the animal and the vegetal poles, of the embryo. 
Although this approach would not provide much information on dynamics of 
microtubules, it would elucidate how perpendicular microtubules and yolk 
microtubules are organized. Live imaging of whole embryos is more desirable. 
However, large embryo size and low penetration of laser and fluorescent signals 
through the yolk pose challenges to conventional and confocal microscopes. 
Light sheet-based fluorescent microscopy (LSFM) offers many advantages and 
has been used successfully on zebrafish embryos making live-imaging approach 
feasible (Keller et al., 2010; Keller et al., 2008; Keller and Stelzer, 2008).  
4.2. The parallel array predicts dorsal and transports dorsal 
determinants 
The parallel array forms directionally at ~15-30 mpf at one side of the 
vegetal cortex which corresponds to the future dorsal (Fig.3.3-3.5). It is 
therefore the earliest known dorsal marker. The parallel array was observed 
previously, and thought to be located at the center of the vegetal cortex 
(Jesuthasan and Stahle, 1997). The correct location of the parallel array was not 
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noticed for many years even though it was linked to translocation of several 
maternal factors. One of them is Syntabulin protein whose mutants are severely 
ventralized (Nojima et al., 2010; Nojima et al., 2004). Syntabulin localizes to 
the vegetal pole of the egg, translocates to one side of the embryo upon 
fertilization and becomes asymmetric at 30mpf (Nojima et al., 2010). The 
parallel array forms at one side of the vegetal cortex during 15-30 mpf (Fig.3.3), 
coinciding with asymmetric translocation of Syntabulin. Moreover, disruption 
of microtubules blocks translocation of Syntabulin (Nojima et al., 2010). These 
observations suggest that Syntabulin translocates along the parallel array. 
Syntabulin is a motor linker and interacts with Kinesin I, a plus-end directed 
motor, in vitro (Nojima et al., 2010). It transports dorsal determinants which act 
on the Wnt signaling pathway to specify dorsal (Nojima et al., 2010; Nojima et 
al., 2004). Therefore, the dorsal determinants are probably transported in 
Syntabulin- Kinesin I complexes toward microtubule plus-ends (Nojima et al., 
2010; Nojima et al., 2004). Intriguingly, the parallel array orients plus-ends 
towards the future dorsal (Fig.3.6), the same direction Syntabulin- Kinesin I 
complex would move. Another maternal factor is wnt8a mRNA which has 
recently been shown as a dorsal determinant (Lu et al., 2011). It localizes to the 
vegetal pole of the egg and translocates asymmetrically to one side of the 
vegetal cortex after fertilization (Lu et al., 2011). Similar to Syntabulin protein, 
translocation of wnt8a mRNA is also blocked by nocodazole treatment (Lu et 
al., 2011). I found that injected fluorescent wnt8a mRNA localizes to the 
parallel array at ~20 mpf and becomes asymmetric at the vegetal cortex at ~35 
mpf (Fig.3.4). Moreover, local disruption of the parallel array by nocodazole-
bead results in absence of nuclear β-catenin in marginal cells and YSL nuclei at 
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256- to 512-cell stages (Fig.3.11). My results indicate that wnt8a mRNA is 
transported via the parallel array to the future dorsal. It would be interesting to 
determine whether wnt8a mRNA is transported in Syntabulin-containing 
complexes.   
The findings of Lu et al. and my results both show that wnt8a mRNA 
also localizes to the blastodisc at ~30 mpf and is distributed ubiquitously (Lu et 
al., 2011). Wnt8a potentially activates the Wnt signaling in all blastomeres. 
However, Wnt8a activity is thought to be suppressed by Sfrp1a and Frzb (Lu et 
al., 2011). Other secreted Wnt antagonists are either not expressed or not 
involved in regulation of Wnt8a during early cleavage stages (Houart et al., 
2002; Lu et al., 2011; Pezeron et al., 2006; Shinya et al., 2000; Tendeng and 
Houart, 2006; Untergasser et al., 2011).  The early distribution patterns of 
Sfrp1a and Frzb are not known (Lu et al., 2011; Pezeron et al., 2006; Tendeng 
and Houart, 2006). Because Sfrp1a and Frzb inhibit ubiquitous Wnt8a, they are 
likely distributed ubiquitously in all blastomeres. Therefore, Sfrp1a and Frzb 
can also inhibit Wnt8a translated from asymmetrically localized wnt8a mRNA. 
Then how does Wnt8a activate the Wnt signaling in a small group of marginal 
cells at the 128-cell stage (Dougan et al., 2003; Schneider et al., 1996)? There 
are probably other factors that protect Wnt8a from Sfrp1a and Frzb inhibition. 
Those factors can be transported along the cortex in Syntabulin-containing 
complexes (Nojima et al., 2010; Nojima et al., 2004). Alternatively, they can be 
transported through the yolk in a complex with squint mRNA (Gore et al., 2005; 
Lim et al., 2012). Overexpression of squint 3’UTR significantly increases the 
number of β-catenin positive nuclei at 512-cell stage (Lim et al., 2012). 
Localized squint 3’UTR could potentially carry factors which inhibit Sfrp1a and 
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Frzb, create a Sfrp1a- and Frzb-inactive zone thus allowing Wnt8a to activate 
the Wnt signaling in marginal cells. Together, maternal factors transported via 
the parallel array, perpendicular bundles and yolk microtubules coordinate to 
set up the embryonic axis.  
4.3. Parallel array formation  
The parallel array forms autonomously in activated eggs and displays 
similar dynamics to that in embryos (Fig.3.9). Therefore, parallel microtubules 
are generated independently of the sperm centrosome and their dissociation at 
~30 mpf is probably not controlled by the cell cycle. When eggs were activated 
by sperm which was UV-treated to destroy DNA as well as microtubules, 
normal embryos were yielded and developed to fertile homozygous diploid 
adults without any contribution of sperm genetic material (Streisinger et al., 
1981). This suggests that the parallel array can transport dorsal determinants 
from the vegetal pole even without sperm centrosomal microtubules. Moreover, 
squint mRNA localizes to the blastodisc of activated eggs (Gore and Sampath, 
2002), suggesting that perpendicular bundles and yolk microtubules are also 
formed and functional in activated eggs.  
Although independent of the sperm centrosome, the parallel array 
requires Ca2+ for its formation (Fig.3.10). Upon activation, calcium is released 
at the animal pole and then spreads peripherally to cover the entire cortex at 
about 8 mpa (Sharma and Kinsey, 2008). This Ca2+ wave probably triggers 
formation of the parallel array at the vegetal cortex. Thapsigargin treatment at 
~5 mpf/mpa leads to uncontrolled release of Ca2+ from an extensive network of 
endoplasmic reticulum and mitochondria in the cortex (Hart and Collins, 1991; 
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Hart and Donovan, 1983; Hart et al., 1987) thus blocking formation of the 
parallel array. In brom bones mutants, which are defective in Ca2+ release and 
egg activation, the parallel array is similarly affected (Mei et al., 2009). Another 
maternal effect mutant, hecate, displays abnormally high activity of Ca2+ 
transients during cleavage and later stages (Gingerich et al., 2005). Maternal 
homozygous hecate embryos lack nuclear β-catenin, reduce dorsal genes 
expression and most of them are severely ventralized (Gingerich et al., 2005). 
These phenotypes are similar to those resulting from microtubule disruption, 
hinting that the parallel array is probably disrupted in hecate embryos. Parallel 
microtubules were also observed near the vegetal pole of the medaka (Oryzias 
latipes) embryos before the first cell division (Abraham et al., 1995; Abraham 
et al., 1993). They extend about 30o arc in all directions from the vegetal pole 
and cover at least 30% of the area of the vegetal hemisphere (Abraham et al., 
1995). Interestingly, injection of 5,5’-dibromo-BAPTA, a Ca2+ chelator, to the 
center of the medaka embryo did not affect the parallel array but disrupted 
microtubules at the animal cortex (Abraham et al., 1995; Abraham et al., 1993). 
The parallel array is probably bundled and stabilized by a different set of 
proteins in medaka.  
Sperm entry is thought to bias the direction of the vegetal parallel array 
which orients plus-ends away from the sperm entry site in frog (Gerhart, 2004). 
In zebrafish, sperm enters the egg via the micropyle, a small opening on the 
chorion which becomes gradually smaller to allow only one sperm to fertilize 
the egg (Hart and Donovan, 1983; Wolenski and Hart, 1987). The micropyle is 
located at the center of the animal pole (Hart and Donovan, 1983) thus providing 
no bias to the parallel array. A polar body, probably from the first meiosis, 
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resides at ~50 µm from the center of the micropyle (Hart and Donovan, 1983). 
However it is not known whether the polar body can provide any directional 
bias to the formation of the parallel array. Because zebrafish parallel array only 
cover a part of the vegetal cortex, there should be regionalized activities to 
control formation of the parallel array. Asymmetrically localized microtubule-
associated proteins at the vegetal cortex may involve in formation of the parallel 
array. Once activated by Ca2+ signaling, microtubule-associated proteins could 
bundle microtubules to form the parallel array and facilitate microtubule 
growth. The identities of these proteins remain elusive and further studies are 
required to understand the mechanism of parallel array formation. Several 
proteins are known to bundle microtubules into parallel or anti-parallel array. 
Vertebrate kinesin-5 Eg5 (Kapitein et al., 2005), fly kinesin-14 Ncd (Fink et al., 
2009), and fission yeast kinesin-14 Klp2 (Braun et al., 2009; Janson et al., 2007) 
slide anti-parallel microtubules and lock together parallel ones to form thick 
bundles. While members of MAP65/Ase1/PRC1 family can crosslink anti-
parallel microtubules (Bieling et al., 2010; Chang-Jie and Sonobe, 1993; 
Schuyler et al., 2003; Subramanian et al., 2010). Zebrafish orthologs of those 
proteins (kif11, kifc1, prc1a, prc1b) would be good candidates for studying 
parallel array formation. Some mutants of kif11, kifc1 and prc1b have been 
identified by Zebrafish Mutation Project 
(http://www.sanger.ac.uk/Projects/D_rerio/zmp/) and will be soon available for 
study.  
4.4. Cortical rotation-like movement 
This is the first time a cortical rotation-like movement has been reported 
in zebrafish embryos. Cortical rotation also happens in sturgeon and lamprey 
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embryos (Clavert, 1962; Dettlaff, 1962; Nikitina et al., 2009). It has not been 
observed in medaka although the parallel array does form at the vegetal cortex 
(Abraham et al., 1995; Abraham et al., 1993). Cortical rotation has been studied 
most extensively in Xenopus. And it has been found that both Dynein and 
Kinesin are required for organization of the parallel array and cortical rotation 
(Houliston and Elinson, 1991a; Marrari et al., 2003; Marrari et al., 2004; Marrari 
et al., 2000). In zebrafish embryos, cortical granules are displaced ~100 µm 
(~20o) during cortical rotation-like movement. In combination with direct 
transport on the parallel array (~250-µm long, ~60o), maternal factors in the 
cortex can be moved a significant distance of ~350 µm, which is equivalent to 
~80o in a 500-µm diameter embryo, toward the future dorsal. This estimate 
correlates with the asymmetric distribution domain of wnt8a mRNA at the 
vegetal cortex at 30 mpf (Lu et al., 2011).  
4.5. Remodeling of the non-directional microtubule meshwork 
The non-directional meshwork remodels periodically with time intervals 
of ~20 minutes (Fig.3.12-14). Microtubules are quickly fragmented during 
“severing phase” suggesting that severing proteins such as Katanin, Spastin and 
Fidgetin (Roll-Mecak and McNally, 2010; Sharp and Ross, 2012) may be 
involved. “Remodeling waves” traverse from the animal pole to the vegetal pole 
similarly but at a different time as compared to the calcium wave reported after 
fertilization or activation (Lee et al., 1999; Leung et al., 1998; Sharma and 
Kinsey, 2008). Moreover blocking Ca2+ transients affects microtubule 
dynamics. Unfortunately, many studies only focus on localized Ca2+ associated 
with cytokinesis of blastomeres (Chang and Lu, 2000; Chang and Meng, 1995; 
Creton et al., 1998; Lee et al., 2003; Webb et al., 1997; Webb et al., 2008). 
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There is no information on Ca2+ transients along the animal-vegetal axis after 
2-cell stage. Periodic changes of the non-directional meshwork suggest that 
microtubule remodeling may be controlled by the cell cycle. However 
microtubule remodeling was also observed in unfertilized, activated eggs 
making the case less likely. It would be interesting to identify the factors that 
modulate the periodic changes of the non-directional meshwork and functions 
of that process.  
4.6. Proposed model for microtubule-dependent transport of 
dorsal determinants 
It has been shown that maternal factors, which are important for 
dorsoventral axis specification, are transported by microtubules soon after 
fertilization. However, it is not clear how microtubules function in transport. 
My results provide structural and dynamic basis to answer these questions, 
which are briefly summarized in the proposed model in Fig.4.1. At the vegetal 
cortex the parallel array can transport dorsal determinants such as wnt8a mRNA 
and Syntabulin-containing complexes, towards the future dorsal during 15-30 
minutes post fertilization (purple arrow). Moreover, dorsal determinants can 
also be passively transported when the vegetal cortex moves toward the future 
dorsal during cortical rotation-like movement (black arrow). Meanwhile 
cortical granules in the subcortical cytoplasm move towards the future ventral 




Figure 4.1. Model for microtubule-dependent transport of dorsal determinants 
Localized dorsal determinants at the vegetal cortex (wnt8a mRNA, Syntabulin and cargos, etc.) 
can be transported actively on the parallel array (purple arrow) or passively when the vegetal 
cortex moves towards the future dorsal during cortical rotation-like movement (black arrow). 
Meanwhile cortical granules in the subcortical cytoplasm move towards the future ventral (red 
arrow). Other dorsal determinants (squint mRNA and associated factors, etc.) can be transported 
through the yolk along perpendicular bundles and yolk microtubules (magenta arrow) to the 
blastodisc. Except the short perpendicular bundles observed at the vegetal cortex in my study, 
the rest of microtubules inside the yolk (yolk microtubules) are speculative. Injected fluorescent 
squint mRNA was observed to localize directly from the yolk into two cells at the 4-cell stage 
(Pooja Kumari, personal communication) therefore some yolk microtubules may have oriented 
towards one side of the blastodisc. The non-directional meshwork is present throughout the 
cortex during early embryonic development and is not drawn in this model. Embryos were 
shown with the animal pole is to the top, the vegetal pole to the bottom, the dorsal to the right, 




embryo and together with yolk microtubules may transport determinants such 
as squint mRNA and associated factors through the yolk (magenta arrow). At 
later stages, squint mRNA-associated factors and Syntabulin-containing 
complexes may set up a Wnt antagonist-inactive zone thus allowing Wnt8a to 
activate the Wnt signaling in marginal cells and specify dorsal. 
4.7. Conclusions and perspectives 
Microtubules are important for transport of dorsal determinants from the 
vegetal pole of the embryo. However, knowledge of their organization and 
dynamics was insufficient to understand how microtubules function. Using 
transgenic embryos expressing microtubule markers and live-imaging 
microscopy, I have made several interesting discoveries.  
Firstly, I found a novel population of microtubules at the vegetal cortex, 
the perpendicular bundles, which align with the animal-vegetal axis of the 
embryo. They are thick bundles and probably project deep inside the yolk. They 
can form a transport route through the yolk by connecting with other 
microtubules. Localization of squint mRNA and mago nashi mRNA provides 
indirect evidence to support existence of this transport route (Gore et al., 2005; 
Gore and Sampath, 2002; Pozzoli et al., 2004). Because of the limitation of 
confocal microscopy, it is not known how deep the perpendicular bundles can 
extend into the yolk. Moreover, microtubules inside the yolk are not adequately 
studied. Therefore further studies are required to understand functions of 
perpendicular bundles.  
Secondly, I noticed that the parallel array resides at one side of the 
vegetal cortex and its position corresponds to the future dorsal, making it the 
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earliest dorsal marker at about 15 mpf. Moreover, the parallel array directs its 
plus-ends towards the future dorsal, suggesting that dorsal determinants are 
transported by plus-end-directed Kinesin. This is the case for Syntabulin, a 
Kinesin-1 linker protein, and its cargo. Furthermore, I observed that cortical 
granules move directionally along the parallel array. This is the first time 
cortical rotation-like movement has been observed in zebrafish embryos. The 
cortical rotation-like movement can displace vegetal cortex by an arc of ~20o. 
In combination with direct transport on the parallel array, which is ~250 µm 
long, determinants at the vegetal cortex can be moved ~80o towards the future 
dorsal. This is a significant distance which is enough to move dorsal 
determinants close to the equatorial region of the embryo. To further support 
function of the parallel array, local disruption of the parallel array disrupts 
cortical rotation-like movement and blocks nuclear localization of β-catenin in 
marginal and YSL nuclei at 512-cell stage. Interestingly, I found that the parallel 
array forms normally in unfertilized, activated eggs but is severely affected 
when Ca2+ transients are blocked. My findings would reiterate research interest 
in the parallel array to answer questions of what are the factors involved in 
formation and dissociation of the parallel array? What are the mechanisms that 
restrict the parallel array in a part of the vegetal cortex? What are plus-end-
directed Kinesin that transport dorsal determinants? 
Thirdly, I found that the non-directional meshwork is highly dynamic. 
It reorganizes periodically with time intervals of ~20 minutes. Intriguingly, this 
dynamics are also observed in unfertilized, activated eggs. Similar to the parallel 
array, the non-directional meshwork is also affected by blocking Ca2+ transients, 
suggesting function for Ca2+ signaling in regulating reorganization of the non-
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directional meshwork. Further studies are needed to understand the factors and 
mechanisms controlling dynamics of the non-directional meshwork and 
functions of that process.  
In summary, I have found a novel population of microtubules, the 
perpendicular bundles, and discovered new interesting aspects associated with 
the parallel array and the non-directional meshwork, notably correlation of the 
parallel array to the future dorsal and cortical rotation-like movement. These 
findings would provide insights into how microtubules function in transport of 
dorsal determinants. However, many questions remain unanswered and further 
studies are needed to better understand microtubule dynamics in early zebrafish 
embryonic development.  
4.8. Some open questions 
My study has provided some interesting insights to microtubule 
organization and dynamics in the early zebrafish embryo, and to how 
microtubules can transport dorsal determinants. However the understanding of 
organization and function of microtubules in the early embryo is far from being 
complete.  
This is the first time perpendicular bundles have been observed but its 
function is totally unknown. Do they really transport dorsal determinants? And 
if they do, how do they connect to other microtubules inside the yolk to form a 
transport route?  
Regarding the parallel array, there are compelling evidence showing that 
it transports dorsal determinants but what are endogenous RNAs or proteins 
being transported? What are microtubule motors involved? Moreover, how does 
75 
 
parallel array form at only one side of the vegetal cortex? And what are the 
factors controlling its formation? The parallel arrays is important for cortical 
rotation-like movement which is reported for the first time in the zebrafish 
embryo. Cortical granules in the parallel array region moves towards the ventral 
side, similarly to the core cytoplasm in Xenopus embryo during cortical 
rotation. However it is not known whether cortical granules in the rest of the 
cortex also move. Is the movement of cortical granules only restricted to the 
cortex region with the parallel array or unrestricted throughout the cortex?  
Regarding the non-directional meshwork, it is intriguing that its 
structure changes periodically without any obvious function. Is its dynamics a 
“side-effect” of other processes? If it is not, what would be the functions of 
microtubule remodeling? And what are the factors controlling remodeling 
process? 
Studying above questions would shed more light on early development 
of zebrafish embryos and molecular processes leading to formation of 
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Movie 1. Z-section though the vegetal cortex at 27 mpf, numbers at bottom left 
show the depth of each plane, scale bar 15 µm. 
Movie 2. Perpendicular bundles in vegetal cortex shown in lateral view with the 
animal pole to the top, vegetal pole bottom, numbers at bottom indicate time in 
minute: second post fertilization, scale bar 10 µm. 
Movie 3. The parallel array at the vegetal cortex, shown in vegetal view, 
numbers at bottom indicate time in minute: second post fertilization, scale bar 
40 µm 
Movie 4. EB3-GFP at the vegetal cortex moves directionally before 28 mpf and 
moves randomly afterwards, shown in vegetal view, numbers at bottom indicate 
time in minute: second post fertilization, scale bar 10 µm. 
Movie 5. Cortical granule movement at the vegetal cortex, shown in vegetal 
view, each track is numbered, cross presents position of granule at a particular 
time-point, numbers at bottom indicate time in minute: second post fertilization, 
scale bar 10 µm. 
Movie 6. Cortical granule movement in an embryo embedded next to a DMSO-
bead, bead is at the bottom right of the image, shown in vegetal view, each track 
is numbered, cross presents position of granule at a particular time-point, 
numbers at bottom indicate time in minute: second post fertilization, scale bar 
20 µm. 
Movie 7. Cortical granule movement in an embryo embedded next to a 
nocodazole-bead, bead is at the top left of the image, shown in vegetal view, 
each track is numbered, cross presents position of granule at a particular time-
point, numbers at bottom indicate time in minute: second post fertilization, scale 
bar 20 µm. 
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Movie 8. Cortical granule movement in an embryo embedded next to a 
nocodazole-bead, bead is at the bottom right of the image, shown in vegetal 
view, each track is numbered, cross presents position of granule at a particular 
time-point, numbers at bottom indicate time in minute: second post fertilization, 
scale bar 15 µm. 
Movie 9. The parallel array forms in unfertilized activated egg, shown in vegetal 
view, numbers at bottom indicate time in minute: second post activation, scale 
bar 30 µm. 
Movie 10. The non-directional meshwork at the vegetal cortex, shown in vegetal 
view, numbers at bottom indicate time in minute: second post fertilization, scale 
bar 20 µm. 
Movie 11. “Remodeling waves” of microtubules traverse along the animal-
vegetal axis, shown in lateral view, the animal pole to the top left corner of the 
image, numbers at bottom indicate time in hour:minute: second post 
fertilization, scale bar 50 µm. 
Movie 12. The non-directional meshwork at the vegetal cortex in thapsigargin-
treated embryo 1, shown in vegetal view, numbers at bottom indicate time in 
hour:minute: second post fertilization, scale bar 30 µm. 
Movie 13. The non-directional meshwork at the vegetal cortex in thapsigargin-
treated embryo 3, shown in vegetal view, numbers at bottom indicate time in 
hour:minute: second post fertilization, scale bar 50 µm. 
 
